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CHAPTER I
INTRODUCTION AND REVIEW OF PAST RESEARCH

The use of internal combustion (IC) engines in today’s world is widespread. IC
engines play an integral role in many fields including personal transportation, commercial
shipping, and power generation. The relatively small size and high power density of IC
engines makes them ideal for many applications. However, the prevalence of the IC
engine has promoted concern over pollutant emissions and their negative effects on the
environment. In particular, diesel engines have been subjected to increasingly more
stringent regulations in the United States in recent years.
In response to increased emission requirements imposed by the United States
Environmental Protection Agency (EPA), diesel engine manufacturers have been forced
to incorporate design changes to limit pollutants. The EPA instituted significant changes
in diesel emissions standards for model year 2007 engines with the Control of Emissions
from New and In-use High Way Vehicles and Engines (2010). Among many other
changes, this new rule limited the particulate emissions of heavy duty engines to 0.01
g/bhp-hr. This is, in effect, a requirement that diesel particulate filters be added to engine
exhaust systems. The purpose of diesel particulate filters (DPF) is to trap solid particles
in engine exhaust in a filter and subsequently burn the solid PM during a regeneration
process. Further restrictions for model year 2010 engines limited NOx emissions to
0.2 g/bhp-hr (Control of Emissions 2010). This change brought about the use of selective
1

catalytic reduction (SCR) systems for many engines. These systems reduce the
production of NOx by injecting a urea solution into the exhaust stream. While both of
these modifications are effective at reducing emissions, they add more cost and
complexity to diesel engines. Rather than processing the exhaust pollutants after they are
created, it is preferable to alter the combustion process itself such that fewer pollutants
are produced. This will also ensure that the size of aftertreatement systems and the
associated operating costs are reduced.
Furthermore, the dwindling supply of fossil-based fuels has placed a priority on
improving engine efficiency and investigating alternative fuels. One proposed solution is
to supplement fossil-based diesel with more renewable bio-fuels. In recent years, research
has been conducted on many different types of plant-derived fuels that may reduce
dependency on traditional diesel fuel (Sadeghinezhad et al., 2013; Karabektas et al.,
2013; Acharya et al. 2011; Lin et al. 2007). Another alternative is supplementing
traditional diesel with a more abundant gaseous fuel (e.g. methane or propane) in a
process known as dual fuel combustion (Sahoo et al., 2009; Gibson et al. 2011; Abdelaal
et al. 2013; Pattanaik et al., 2013; Sarjovaara et al., 2013; Fraioli et al., 2014; Geng et al.,
2014; Lounici et al., 2014). Both bio-fuels and dual fuel combustion reduce diesel fuel
requirements while also showing promise for reduced emissions.
To meet the ever increasing demands placed on IC engines, comprehensive
research exploring the topics introduced above is warranted. Internal combustion engine
research is often performed on specially designed, single-cylinder research engines.
These purpose built engines are designed to be highly instrumented and provide flexible
control to researchers. While research performed on these engines provides invaluable
2

insight to novel combustion concepts, it is of great interest to implement these concepts
on modern production engines, which provide a different (and more practical) set of
challenges. Experiments performed on production engines help to move the technology
one step closer to real world application.
At their inception IC engines were purely mechanical devices. However, over the
years they have evolved to become increasingly equipped with computer controlled
sensors and actuators. Modern engines are equipped with an electronic engine control
unit (ECU). ECU’s first became widespread with the adoption of three-way catalytic
convertors for emissions reduction in spark-ignition engines. The successes of ECUs in
this application lead to implementation in many other areas of automotive control. ECUs
are now tasked with reading engine sensors, processing incoming information, and
driving actuators accordingly in order to operate the engine. For diesel engines, the main
objective of the ECU is to provide the requested torque while minimizing fuel
consumption and emissions. This is accomplished primarily by controlling fuel injection,
intake pressure, and exhaust gas recirculation (Guzzella and Onder, 2010).
As ECU’s have become more advanced, research has focused on identifying how
engine performance can be increased through electronic control. These improvements
range from increasing power output to reducing emissions (Hiticas et al., 2012; Tschanz
et al., 2013). Electronic engine control allows for engine operating parameters to be
continuously modified based on real-time engine performance (Chatlatanagulchai et al.,
2010; Farooqi et al., 2013; Wang et al. 2011). For instance, monitoring of in-cylinder
pressure and adjusting engine control accordingly has been found to improve the
performance of low-temperature combustion in production diesel engines (Carlucci et al.,
3

2014). Similarly, monitoring and control of exhaust pressure in turbocharged sparkignited engines can greatly improve transient performance (Flärdh and Mårtensson,
2014).
The ECUs equipped to production vehicles are specifically built for each
engine/vehicle combination, and therefore, they are designed to offer little-to-no
flexibility. They are designed to be small, durable, but robust enough to prevent any
unintentional tampering by the end user. Additionally, the scope for control and data
acquisition in production ECUs is limited to the hardware essential to performing the
designated tasks for a specific engine. Because of these design considerations, production
ECUs are not well suited for research and development (Viele and Dase, 2005).
1.1

Research Motivation
The desire for greater engine control is the impetus for the present work. With an

open architecture engine controller, it is possible to obtain direct control over all engine
parameters normally controlled by the inflexible original equipment manufacturer’s
(OEM) ECU. This includes, but is not limited to, the fuel injection system, which is the
heart of any diesel engine. Other important engine parameters that can also be controlled
include exhaust gas recirculation (EGR) and turbocharger boost pressure. Additionally,
an open architecture controller allows for communication with the myriad of sensors
present in modern engines such as temperature, pressure, and speed sensors. Research
possibilities are greatly expanded by having access to these sensors and actuators. The
effect of varying injection timing and duration is a primary focus of many diesel
combustion experiments. An open architecture controller makes these experiments
possible on a production engine platform.
4

Researchers at the Advanced Combustion Engines (ACE) laboratory at
Mississippi State University are investigating the benefits of dual fuel combustion on a
production (Model Year 2010) heavy-duty diesel engine. Before dual fuel experiments
can be performed with the desired degree of freedom in engine control, a flexible open
architecture controller is required. This is the focus of the present thesis.
1.2

Research Objectives and Approach
The objectives of the present thesis are summarized below:
1. Assemble an open-architecture controller capable of interfacing with all
required sensors and actuators on a production heavy-duty diesel engine.
2. Design and develop the software necessary to emulate the production ECU
and operate the engine with the open-architecture controller.
3. Map the behavior of all relevant signals from the production ECU over the
engine operating range (different engine speeds and loads) to reverse
engineer the ECU control functions.
4. Demonstrate engine operation on diesel fuel alone over a range of speeds
using the open-architecture controller.
To meet these objectives, engine control hardware components and a template for

the engine control software were procured from Drivven Inc. (now National Instruments
Powertrain Controls Group). The general structure of the controller includes two rackmounted drawers with connections for engine wiring harnesses on the front faces. Signals
pass between this controller and the engine through a custom-built ECU adapter board
designed to allow for easy transition between different controllers. The primary hardware
components inside these drawers are compact reconfigurable input-output (cRIO)
5

modules. These modules are designed to perform specific tasks with the ambit of engine
control. For instance, some of the modules included in this controller are dedicated to
actuating fuel injectors. Several different types of modules are required to send and
receive all the messages necessary to operate the engine in the present work. Each of
these modules had to be integrated into the flexible controller. This consisted of making
hundreds of connections for module power and input/output. In addition to the wiring
inside the controller drawers, wiring harnesses were constructed to allow communication
between the controller and the engine.
Before performing any experiments or varying any engine operating parameters
with an open-architecture controller, it is important to ensure that the controller can
operate the engine in the same manner as the OEM ECU does. Slight errors in parameter
settings such as injection timing can cause catastrophic damage to a diesel engine. By
replicating the OEM operating configuration, a safe baseline for all parameters is
established. Significant efforts and resources are spent by engine manufacturers in the
calibration of OEM ECUs, and therefore, the details of ECU calibrations are proprietary
information, not often available to researchers. While this calibration can be done from
scratch, it is very difficult and time consuming. Rather, an exercise known as controller
mapping can be much more efficient. Controller mapping consists of recording the
behavior of engine sensors and actuators as they are controlled by the OEM ECU (Viele
and Dase, 2005).
In the present work, once all controller components and wiring harnesses were in
place, the engine was operated using the OEM ECU. During this operation, signals were
monitored from the ECU adapter board using LabVIEW data acquisition software. The
6

engine was connected to an eddy current dynamometer to measure engine load. Data
points were recorded at various engine speeds and loads to create an operating map of
engine parameters, primarily injection timing and duration. Emissions data were also
collected during these experiments to act as a baseline for performance comparison
between the two controllers.
In parallel with the engine experiments, an application, or virtual instrument (VI),
to operate the new controller was developed using LabVIEW and Drivven’s CalVIEW.
LabVIEW was used to communicate with the devices inside the new controller.
CalVIEW was used to create a user interface for the controller and pass information
between the various LabVIEW applications (VIs). This user interface was used to read
sensor data and input operating parameters such as injection timing. Once the controller
mapping was completed, the collected data were analyzed and input to the LabVIEW VI.
The engine was then connected to the new controller through the ECU adapter board.
Finally, the engine was operated using the new controller, and engine performance with
the flexible controller was compared with that of the OEM ECU to validate that baseline
engine performance could be duplicated.
1.3
1.3.1

Background
Overview of Conventional Diesel Combustion
One of the most important reasons to perform diesel engine research is to achieve

a clear understanding of what is occurring during diesel combustion. Although many
attempts have been made to describe the combustion process, past limitations in
measurement techniques have presented significant challenges. Advancements in laser
light-sheet imaging technology facilitated the development of a modern conceptual model
7

by Dec (Dec 1997). Through experiments performed on a single cylinder research engine
outfitted with laser light-sheet imaging equipment, Dec produced a detailed description
and visual representation of diesel combustion. Dec’s work is the most widely accepted
model of the combustion process in modern diesel engines.
Dec’s model focuses on the combustion of a single jet of injected diesel fuel. The
description begins at the start of injection as the jet begins to penetrate out from the
nozzle exit towards the cylinder wall. At its initiation the jet is composed entirely of
liquid fuel droplets. As the jet grows, hot air is entrained into the spray causing the
droplets to vaporize. This causes a decrease in the heat release rate as it cools the charge
in the cylinder, as seen in Figure 1.1. The vaporization creates a region of mixed fuel and
air along the periphery of the liquid. The mixture grows in thickness around the jet as the
liquid fuel continues to penetrate. At the extent of the liquid jet penetration, a plume of
fuel vapor-air mixture continues away from the injector nozzle, developing into a typical
head vortex. The concentration of the fuel-air mixture is represented by the fuel-air
equivalence ratio, with values less than one representing fuel-lean mixtures, a value of
one representing stoichiometric fuel-air mixtures, and values greater than one
representing fuel-rich mixtures. Dec observed that the fuel/air mixture in the leading
plume is uniform and rich, with equivalence ratios ranging from 2 to 4.

8

Figure 1.1

Typical crank angle-resolved heat release and cylinder pressure data [Dec
1997]

Once the liquid fuel has reached its maximum penetration and sufficient amounts
of fuel vapor-air mixture are prepared, autoignition commences. This starts in the layer of
fuel vapor around the sides of the jet and continues primarily into the growing, leading
edge of the jet. This marks the beginning of the premixed burn phase of the process. The
burning of the premixed fuel-rich mixture inside the jet causes the steep rise in the heat
release curve seen in Figure 1.1. Soot caused by the pyrolysis of fuel begins to appear
during this phase, first appearing as very small particles throughout the downstream
portion of the jet. As combustion continues, the interface between the products of the
9

premixed burn and the surrounding air begins to burn. This diffusion flame exists as a
thin layer surrounding the downstream portion of the jet. Larger soot particles begin to
form just inside of this layer as a product of this flame. The premixed burn phase
completes as the remainder of the premixed fuel and air are consumed.
The mixing-controlled phase of combustion follows. In this phase the burn rate is
controlled by the process of fuel and air mixing to suitable equivalence ratios for
combustion. During this phase, soot forms as small particles midway down the jet and
travels towards the head vortex. At the head of the jet the soot particles have time to
accumulate and increase in size. This leads to the largest particles and highest
concentrations of soot. The high temperature of the diffusion flame and oxygen in the
surrounding air provide excellent conditions for the thermal formation of NOx.
Additionally, NOx production may occur largely in regions of slightly lower temperatures
in the combustion chamber during the late stages of mixing-controlled combustion. While
the lower temperatures are less conducive to NOx formation, the longer time periods for
which these regions persist facilitates higher levels of NOx formation.
1.3.2

Introduction to Dual Fuel Combustion
The pressure to reduce emissions and develop alternative fuels for modern diesel

engines has promoted interest in dual fuel combustion. Dual fuel combustion is an engine
combustion strategy in which two fuels of extremely different ignition characteristics are
utilized together to achieve a controlled combustion process. Typically, dual fuel
combustion involves the injection (or fumigation) of a low-cetane (more autoignitionresistant, normally gaseous) fuel into the intake manifold to form a nearly homogeneous
air-fuel mixture. This mixture is then ignited by the combustion of a high-cetane (easily
10

ignitable) pilot fuel, such as diesel, injected near the end of the compression stroke. The
combustion in a dual-fuel engine can be characterized as three overlapping heat release
events (Karim 2003). The first is the autoignition of the pilot fuel injected into the
cylinder near top dead center (TDC). The second process is the combustion of the
gaseous fuel mixture that is very near the pilot spray. The third involves primarily the
turbulent flame propagation process away from the pilot spray, consuming the low-cetane
fuel-air mixture throughout the chamber. Generally, the ignition of the gaseous fuel
closely follows the ignition of the pilot fuel, and the peaks of these two phases tend to
overlap one another. The process of flame propagation is usually slower than the first two
and peaks at a later time. Therefore, the overall heat release rate of dual fuel combustion
is observed as a two phase process with a peak as the pilot fuel and nearby gaseous fuel
ignite, followed by a second peak as the bulk of the remaining gaseous fuel burns (Karim
and Khan 1968).
Dual fuel combustion has long been pursued as an alternative to traditional diesel
combustion (Boyer 1949). It has received renewed attention in recent years due to the
opportunities it affords for utilizing various alternative fuels (e.g., methane, propane,
ethanol, etc.) and for improving efficiency-emissions tradeoffs in diesel engines. The
significant reduction of NOx and particulate (soot) emissions afforded by dual fuel
combustion is well documented (Mustafi et al., 2013; Papagiannakis et al., 2010; Karim,
1980; Stewart et al., 2007). It is important to note, however, that dual fuel engines tend to
produce increased levels of unburned total hydrocarbons (THC) and carbon monoxide
(CO), particularly at low engine loads (Srinivasan et al., 2007; Singh et al., 2004).

11

1.3.3

Parameters Affecting Dual Fuel Engine Performance
To evaluate the performance of an IC engine, one must consider many aspects of

engine operation such as stability, efficiency, and emissions. Modification of a given
engine operating parameter may provide measurable benefits. In IC engine research, it is
often observed that optimizing engine parameters to improve one aspect of engine
operation (e.g., efficiency) may lead to detrimental, albeit unintended, consequences in
another aspect (e.g., emissions). In this section a brief summary of how certain operating
parameters affect the performance of a dual fuel engine is presented.
One of the primary considerations when operating a dual fuel engine is the choice
of gaseous fuel used. Many fuels have been investigated such as biogas, propane, butane,
and methane (Yoon and Lee, 2011; Shoemaker, 2011; Elnajjar et al., 2013; Carlucci et
al., 2008). In general all of the gaseous fuels mentioned above provide significant NOx
reduction over traditional diesel combustion. Fuels such as biogas are attractive because
of their renewability and ease of availability in rural, agricultural areas. Some fuels
provide advantages over others when used as primary fuels. For instance, Gibson et al.
(2011) found in a direct comparison between propane and methane, that propane
provided slightly better brake thermal efficiencies than methane due to its higher
reactivity. However, the increased reactivity also caused a higher tendency for end-gas
knock for propane operation and limited propane substitution levels (i.e., percent of the
total fuel energy substituted by propane) at high loads. In a similar comparison, Polk et
al. (2013) found that propane provides a greater variability in ignition delay than methane
under similar operation. Studies considering liquefied petroleum gas (LPG) as a primary
fuel have shown that LPG yields higher cyclic variations and combustion noise than
12

methane (Selim, 2004; Selim, 2005). Additional research may further illustrate the
advantages and disadvantages of various gaseous fuels.
Dual fuel engines, as discussed here, operate with a gaseous fuel admitted to the
intake manifold which is then ignited near TDC by the injection of a pilot fuel such as
diesel. The energy release of the gaseous fuel is largely dependent on the ignition of the
pilot, which is controlled by, among other parameters, the injection timing of the pilot
fuel. Because of its impact on dual fuel engine performance and emissions, pilot injection
timing has been the focus of many studies. Experimental results show that NOx emissions
tend to increase with advanced injection timing up to 35-deg to 40-deg before top dead
center (Sayin et al., 2008; Abd Alla, 2002). However, the work of Krishnan et al. (2004)
and Srinivasan et al. (2006) shows that as injection timing is advanced even further, NOx
emissions begin to decrease. At very advanced injection timing, on the order of 60-deg
before top dead center, NOx emissions were reduced by approximately 98% from
baseline diesel operation. This was possible because the early injection timing caused a
significant ignition delay and allowed for just adequate mixing times for the diesel pilot
spray to mix with the surrounding gaseous fuel-air mixture. Papagiannakis (2007) also
observed the increase in NOx at slightly advanced injection timings, but also identified a
reduction in CO emissions. Slightly advanced injection timing causes combustion to
begin earlier and high in-cylinder temperatures to persist for a longer time. This promotes
the more complete oxidation of CO.
The quantity of gaseous fuel added to the intake stream can also affect the
performance of dual fuel engines. For instance, as the equivalence ratio of the gaseous
fuel increases, there is an associated increase in ignition delay (Krishnan, 2001).
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However this delay reaches a maximum and then begins to decrease to a minimum well
before the stoichiometric ratio (Liu and Karim, 1995). With lean mixtures there may be
insufficient fuel for a flame to propagate through the gaseous fuel. This causes unburned
fuel and partially burned fuel fragments to survive through the combustion process and
increases THC emissions (Karim, 2003).
Another strategy employed to improve the emission characteristics of dual fuel
engines is exhaust gas recirculation (EGR). With EGR, a portion of the exhaust gases
exiting the engine is syphoned from the exhaust manifold and redirected to the intake
manifold. As previously mentioned, one of the consequences of lean combustion of
gaseous fuel is the increased production of unburned hydrocarbons. By passing a portion
of the exhaust products back into the combustion chamber, unburned hydrocarbons have
a longer residence time in the cylinder to achieve oxidation (Abdelaal and Hegab, 2012).
In some cases the recirculated exhaust may be uncooled prior to induction. The increased
intake charge temperature is favorable for more complete combustion of methane, and
has shown a reduction in THC of up to 70% from baseline dual fuel operation (Srinivasan
2007). When combined with advanced injection timing the increased charge temperature
also promotes CO oxidation, increasing CO2 emissions (Qi et al., 2007). However, the
increased intake charge temperature advances the combustion process and causes higher
pressure rise rates. This increases overall combustion noise. Alternatively, cooled EGR
may be used to reduce NOx emissions and to improve engine stability (Selim, 2003).
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1.4

Specific Goals for the Open-Architecture Controller to Enable Dual Fuel
Combustion
As mentioned above, an open-architecture controller was needed in the ACE

laboratory at MSU to perform dual fuel low temperature combustion experiments on a
six-cylinder heavy-duty production diesel engine. The specific goals for the openarchitecture controller developed in the present work are to provide fully flexible control
over the following engine parameters:
1. Fuel injection timing and duration
2. Fuel pump timing and duration
3. EGR
4. Variable geometry turbocharger (VGT) actuator for boost pressure control
5. Control engine relays such as the main power and starter motor control
1.5

Organization of the Present Work
This thesis details the development of an open architecture engine controller for a

heavy duty diesel engine. Chapter II describes the experimental setup. In Chapter III, a
thorough description of the engine control hardware is presented. This hardware includes
the National Instruments PXI system, wiring harnesses, and cRIO based open
architecture controller. The development of required LabVIEW VI’s is discussed in
Chapter IV. Chapter V details the mapping of the OEM ECU and describes the
processing and input of ECU mapping data into the custom controller. Chapter VI
discusses comparison tests performed to verify the performance of the new controller.
The conclusions of this thesis and recommendations for future work are presented in
Chapter VII.
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CHAPTER II
EXPERIMENTAL SETUP

The engine controller developed in this thesis was designed to control a
turbocharged, direct-injected, 12.9L, in-line 6-cylinder, heavy-duty diesel engine.
Relevant engine details are provided in Table 2.1. Engine testing took place in a custom
fitted test cell equipped with cooling, air and exhaust handling, and data acquisition
hardware. A schematic of the engine test cell is shown in Figure 2.1.
Table 2.1

Engine Specifications
Cylinders

6

Engine Configuration

Inline

Bore

130 mm

Stroke

162 mm

Connecting Rod Length

262 mm

Aspiration

Turbocharged

Displacement

12.9 Liters

Nominal Compression Ratio

17:1

Valves per Cylinder

4

Injection System

Electronic Unit Pump
system
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Figure 2.1

Engine Test Cell Configuration

The engine was mounted on a 6 foot by 18 foot steel bed plate and supported
using “elephant feet” style mounts. The engine flywheel was coupled to a Froude
Hoffman AG500 (500 kW) eddy current dynamometer to control speed. Eddy current
dynamometers absorb rotational energy using electromagnetic resistance and dissipate it
as heat transferred to a coolant (usually water). Facility process water was plumbed to the
dynamometer for cooling. Engine torque was measured by the dynamometer with a
calibrated load cell. The dynamometer was connected to a Texcel V4 controller. The
Texcel V4 provides speed control as well as torque and speed displays. The torque
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control was accomplished based on a simulated pedal input delivered to either the stock
engine ECU or the open architecture engine controller. The driveshaft was enclosed in a
protective guard for safety. The engine mounts, dynamometer, and driveshaft guard are
shown in Figure 2.2.

Figure 2.2

Engine, dynamometer, engine mounts, and driveshaft guard

Engine coolant inlet and outlet temperatures, post-intercooler air temperature, and
post-turbocharger

exhaust

temperature

were

measured

with

Omega

Type-K

thermocouples. The test cell was outfitted with a large shell and tube heat exchanger for
primary engine cooling and a cross flow water-to-air intercooler for intake charge
cooling. Cooling water for the heat exchanger and the intercooler was supplied by a
10,000 gallon water tank. A schematic showing the configuration of process water supply
is shown in Figure 2.3. Engine coolant temperature was controlled using a Johnson
Controls three-way mixing valve actuated by a proportional integral derivative (PID)
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controller. Intake charge temperature was controlled using a two-way globe valve
actuated by another PID controller. Engine coolant temperature out of the engine was
maintained at 90±5 degrees Celsius (allowing slight variations with engine load). Intake
air temperature was maintained at 40±10 degrees Celsius (depending on boost pressure).
At the time of the present work, process water was used for intercooler cooling.
However, this was subsequently modified to be supplied with city water to provide better
charge cooling. Schematics depicting the engine coolant and intake air temperature
control systems are shown in Figure 2.4 and Figure 2.5, respectively.

Figure 2.3

Process water supply schematic
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Figure 2.4

Engine coolant temperature control schematic

Figure 2.5

Air intake temperature control schematic

Although the test cell was equipped with an exhaust ventilation system, it was not
adequate to handle the high exhaust flow rate of the heavy duty engine. Therefore, the
exhaust stream was vented through a straight vertical pipe through the roof of the
building. Gaseous exhaust emissions were measured downstream of the turbocharger
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turbine using an emissions sampling trolley and an EGAS2M integrated emissions bench
manufactured by Altech Environment S.A. Similarly, smoke was measured downstream
of the turbocharger turbine using an AVL 415S variable sampling smoke meter.
The EGAS2M is a six gas emissions bench comprising multiple analyzers for
simultaneous measurements of various emissions components. The emissions bench
included a Graphite 52M heated flame ionization detector (HFID) for total hydrocarbons
(THC) measurement, Topaze 32M chemiluminescent detection cells for NO/NOx
measurement, a MIR2M multi-gas infrared analyzer for CO, CO2, and O2 measurement,
and a Fourier Transform Ultra-Violet analyzer for ammonia measurement. At the time of
the research only the Graphite 52M HFID and Topaze 32M were fully operational,
facilitating measurement of THC and NOx. The AVL 415S smoke meter measured
smoke, expressed as Filter Smoke Number, using the filter paper method. All emissions
data were collected and time averaged with a LabVIEW-based data acquisition system
composed of National Instruments PXI hardware.
Engine control was provided by one of two means: the original equipment
manufacturer (OEM) electronic control unit (ECU) or the open architecture controller.
Both controllers received analog voltage “throttle position” input from the Texcel V4
dynamometer controller. The OEM controller required an idle validation signal as a
safety precaution. This signal was provided by closing a switch when throttle position
reaches approximately 10%. Communications with the engine passed from one of the two
controllers, through an ECU adapter board that was custom-built for this application, to
the engine sensors and actuators. The ECU adapter board allowed the operator to easily
switch between controllers and monitor engine communications. Three separate wiring
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harnesses were used for engine control: one connecting the OEM ECU and the adapter
board; a second one connecting the open architecture controller and the adapter board;
and a third harnessconnecting the adapter board and the engine. The adapter board, both
controllers, and the wiring harnesses are discussed in detail in Chapter III.
Engine position tracking, for both control and ECU mapping, was accomplished
using a BEI shaft encoder in conjunction with National Instruments S-Series PXI
hardware. The encoder had a 0.1° crank angle resolution. The S-Series hardware was also
used to measure injector and pump solenoid voltages during ECU mapping. Voltage
measurements were timed by the shaft encoder and taken every 0.1° crank angle. Voltage
samples were taken at the adapter board. A detailed description of voltage sampling is
provided in Chapter V.
Two sets of experiments were conducted as part of this work. The first set of
experiments was part of the ECU mapping phase of the project. The goal of these
experiments was to define the stock timing and duration of the fuel injector and fuel
pump solenoid actuation at various engine operating conditions. This information is vital
for defining a baseline control configuration for the open architecture controller.
Operating conditions were defined by engine speed and engine load expressed as brake
mean effective pressure (BMEP). Injector and pump operating parameters were recorded
over a range of BMEPs (0 to 10 bar) and speeds (650 to 2,000 rpm). The data collected
from these experiments were used to configure the baseline engine control parameters of
the open architecture controller.
The second set of experiments was conducted to confirm that the recorded
baseline engine operation had been reasonably replicated using the open architecture
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controller. Using the OEM ECU, the engine was run at 10-bar BMEP from 1,000 to
2,000 rpm (100 rpm increments) while exhaust temperature and emissions data were
recorded. The engine was then operated under the same conditions using the open
architecture controller. The operating characteristics such as speed, load, and emissions
were compared for the two controllers to verify performance of the new controller.
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CHAPTER III
ENGINE CONTROLLER HARDWARE DEVELOPMENT

This chapter describes the hardware components and layout of the open
architecture engine control system developed to facilitate dual fuel combustion research
on a production heavy duty diesel engine. First, the required capabilities of the controller
are discussed. Then, a brief description of the National Instruments PXI data acquisition
system is presented. This is followed by an overview of the entire system layout, and
finally, a description of the components and architecture of the flexible controller is
presented.
3.1

Controller Requirements
The motivation for the present work is to facilitate dual fuel combustion research

on a production heavy-duty multi-cylinder diesel engine. The various sensors and
actuators on production engines are normally controlled by OEM ECUs. Because of their
limited flexibility, OEM ECUs do not allow for the range of control required to operate
an engine with the non-stock engine parameters needed to realize alternative combustion
strategies. To operate the engine independently of the OEM ECU, the open architecture
controller must be able to communicate with all vital components. This section provides a
brief overview of the systems, sensors, and actuators required to be controlled by the new
controller.
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3.1.1

Fuel Injection System
The major components of the engine fuel injection system include the six fuel

injectors and the six unit fuel injection pumps. The fuel injectors deliver diesel fuel into
the combustion chamber, while each of the unit fuel pumps supplies high pressure fuel to
each individual fuel injector. The six fuel injectors contain electromechanical solenoids
that are voltage controlled; i.e., they require “peak and hold” voltages (or currents) for
actuation. Each injector solenoid requires a peak voltage of approximately 50 V to open
the injector needle and a hold voltage of approximately 12 V to keep the needle open
during fuel injection. Extending the duration of the hold voltage extends the injection
duration. This allows for the amount of fuel injected per cycle to be changed as required
to achieve the desired engine load. Figure 3.1 shows an example of typical injector
voltage profiles for low load and high load operation. In the example both pulses have the
same start of injection, while the high load case has a longer hold duration allowing more
fuel to be injected into the cylinder. By controlling the timing of the supplied voltage,
each solenoid can also begin opening earlier or later with respect to engine crank position
to control fuel injection timing. The six unit fuel pumps also contain electromechanical
solenoids that are voltage controlled. As with the injector solenoids, the pump solenoids
require approximately 50 V at peak voltage and 12 V at hold voltage. Changing the
timing and duration of the pump solenoid allows the injection pressure to be modified.
Each pump solenoid must be actuated prior to the actuation of the corresponding injector
solenoid to supply pressurized fuel to the injector body.
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Figure 3.1

Typical injector voltage profile for low-load and high-load operation

In addition to the pump and injector solenoids, there are two sensors associated
with the fuel injection system. The fuel pressure sensor measures pressure in the fuel rail
at the inlet of the unit pumps. The sensor must be supplied with 5 V to operate. The
sensor outputs a voltage from approximately 0 to 5 V which corresponds linearly to
pressures from approximately 0 to 20 bar. The fuel temperature sensor is a negativetemperature-coefficient thermistor that is designed to operate on 5 V. Thermistors output
varying temperature readings as a variable resistance. For example, the resistance across
this thermistor varies from approximately 86000 Ω to 50 Ω, corresponding to
temperatures from approximately -50 to 150 degrees Celsius, respectively.
3.1.2

Intake Charge Pressure
The intake charge, or boost, pressure in this particular engine is controlled by a

variable geometry turbocharger (VGT). The geometry of the VGT is controlled through
messages on the engine controller area network (CAN) that vary the VGT actuator from 0
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to 100 percent. The actuator changes the boost pressure supplied to the engine. There are
also several sensors associated with intake boost pressure management. The intake
pressure sensor outputs a 0 to 5 V signal corresponding to pressures from approximately
0 to 5 bar. The intake temperature sensor is also a negative-temperature-coefficient
thermistor and measures temperatures from -40 to 150 degrees Celsius. The rotary speed
of the turbocharger is measured with a variable reluctance sensor. This sensor produces a
waveform which can be interpreted as an analog signal. The sensor produces a single
pulse per revolution of the turbocharger shaft to indicate shaft rotational speed.
3.1.3

Exhaust Gas Recirculation System
The engine is equipped with an exhaust gas recirculation (EGR) system to help

reduce emissions. The amount of exhaust gas that is recirculated to the intake is
controlled by a valve in the exhaust tract. This valve is controlled via pulse width
modulation (PWM). The position of the valve is measured with an analog voltage sensor.
This sensor must be supplied with 5 V and measures the valve position as an angle (0°
represents closed and 90° represents open)The temperature of the exhaust gas passing
through the valve is monitored with a thermistor. This sensor must be supplied with 5 V
and measures temperatures from -40 to 300 degrees Celsius. The EGR system is
equipped with a differential pressure transducer to measure the difference in pressure
across the valve. This sensor must be supplied with 5 V and measures differential
pressures from 0.0 to 0.7 bar.
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3.1.4

Other Sensors
In addition to the major systems listed above, the engine is equipped with various

other sensors to monitor engine operation. The additional sensors of interest are presented
in Table 3.1.
Table 3.1

Engine Sensors

Sensor
Crankshaft

Function
Measures crankshaft position

Camshaft

Measures camshaft position

Coolant Temperature

Measures coolant temperature from -40 to
140 °C
Measures pump speed from 0 to 450,000 rpm

Coolant Pump Speed
Intercooler Temperature

3.2

Oil Temperature

Measures intercooler temperature from -40
to 150 °C
Measures oil temperature from -40 to 140 °C

Oil Pressure

Measures oil pressure from 0 to 10 bar

Exhaust Temperature after
Turbine
Exhaust Pressure before
Turbine
Exhaust Pressure after DPF
Regeneration Valve
Lambda

Measure temperature after turbine from -40
to 800 °C
Measures exhaust pressure from 0.53 to 1.03
bar
Measures exhaust pressure from 0.5 to 2.0
bar
Measures proportion of oxygen in exhaust
gas

PXI Hardware
National Instruments PCI eXtensions for Instrumentation (PXI) hardware is used

for data acquisition and communication with the open architecture controller. PXI is a
modular electronics platform used for measurement and automation. A standard PXI
system is composed of a controller and various modules installed in a chassis that
provides backplane communication. The modules are determined by the user depending
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on the application. The PXI system used in the present research had six installed
modules: PXI-4110, PXI-6704, PXI-6123, PXI-6229, SCXI-1102, and PXI-7813R.
The PXI-4110 is a triple-output programmable DC power supply. It provides
three independent power supplies: one capable of 0 to 6 V, one capable of 0 to 20 V, and
one capable of -20 to 0 V. The 6 V channel can be programmed in 120 µV steps, and the
20 V channels can be programmed in 400 µV steps. This power supply was used to
power any sensors that had to be supplied constant voltage. The PXI-6704 is a static
analog output module. It has 16 identical voltage output channels capable of ±10 V
accurate to ±1 mV. The module also has 16 identical current outputs capable of sourcing
0.1 to 20 mA accurate to ±2 µA. Each of the channels can be independently controlled.
This module was used to provide controlling voltage to sensors and actuators.
The PXI-6229 and PXI-6123 modules are the data acquisition boards used for
engine data measurements. The PXI-6229 is a 32 channel analog input module. The
module can accommodate input ranges of ±10, ±5, ±1, or ±0.2 V. The combined sample
rate of all channels is 250 kS/s. This module is used for measurement of steady-state
variables such as temperatures and static pressures. In this application, the PXI-6229
module is used to communicate with the SXCI-1102 module. The SCXI-1102 module is
a thermocouple input module. It has 32 channels and the necessary signal conditioning
for thermocouple input. This module can be used to measure steady state temperatures
related to the engine. The PXI-6123 is a high-speed multifunction data acquisition
module. It has eight analog input channels with four input ranges (±10, ±5, ±2.5, or ±1.25
V). The maximum sampling rate is 500 kS/s for each channel. Because of its high
sampling rate, this module can be used to measure rapidly changing transient data. Future
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applications of this module in the engine data acquisition system include measuring
cylinder pressure and injector needle lift with respect to crank angle.
The PXI-7813R module is a digital reconfigurable input/output (RIO) module
equipped with a field programmable gate array (FPGA). An FPGA is an integrated circuit
with a large number of logic gates. As with all integrated circuits, FPGAs use hardware
such as transistors and diodes to execute logic and calculations. These devices provide
excellent speed and reliability because they are hardware controlled. Traditional
application-specific integrated circuits must be purpose built to handle inputs and outputs
as desired. This requires a large investment of time and money for development.
Conversely, FPGAs functionality is programmable. This means that the circuit can be
modified by changing the configuration file loaded onto the FPGA. Programming for
FPGAs is often done in user friendly languages such as LabVIEW, and the processed into
a gate level description (hardware description language) usable by the FPGA (Viele,
2012).
In recent years research has focused on implementation of FPGAs in engine
control applications (D’Angelo et al., 2006, Viele, 2012). Due to their robust nature and
high speed, FPGA’s are ideal for engine tracking and engine synchronous control. In
applications such as motorsports and research where flexibility is essential, FPGAs are
particularly attractive (Viele, 2012, National Instruments, 2012).
The PXI-7813R FPGA card used in the present work has 160 channels that can be
configured as inputs, outputs, counters, or custom logic. The maximum clock rate of the
module is 40 MHz. In this application, it is connected to the compact RIO devices in the
independent controller. The combination of this module and the compact RIO devices
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allows for the high speed control of all engine parameters. The compact RIO devices are
discussed in detail in Section 3.4. Development of the FPGA code is discussed in Section
4.1.1
3.3

System Overview
The engine control system is composed of several major components. A

schematic of the system setup can be seen in Figure 3.2. The principal components of the
system are the open architecture controller, the adapter board, the OEM ECU, and the
wiring harnesses. The engine can be controlled with either the open architecture
controller or the OEM ECU. Connection of either of the engine controllers is
accomplished through the use of the custom wiring harnesses. All communication from
the controllers to the engine passes through the custom adapter board, which facilitates
easy switching between controllers (after engine is shutdown) and also allows for parallel
monitoring of engine signals when the engine is being controlled by one of the
controllers.
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Figure 3.2

Engine control network schematic

Either engine controller can be used to operate the engine independently. The
OEM ECU is the stock engine management system used to control the engine (and the
vehicle) in production vehicles. The open architecture controller is the custom-built,
independent controller designed specifically to facilitate dual fuel combustion research on
the heavy-duty engine in the MSU Advanced Combustion Engines (ACE) laboratory.
The construction and calibration of this controller are the primary focus of the present
work. It is composed of several Compact Reconfigurable Input/Output (cRIO) modules
controlled by LabVIEW software. The custom control system is capable of controlling all
sensors and actuators needed to run the engine. Furthermore, it allows for complete
freedom of control of engine operating parameters and facilitates engine operation for
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alternative combustion modes such as dual fuel combustion. The open architecture
controller and its components are discussed in detail in Section 3.4.
The adapter board is a printed circuit board that acts as a junction between the two
controllers and the engine. A schematic showing its layout can be seen in Figure 3.3, and
a photograph showing the connection of all wiring harnesses is shown in Figure 3.4. The
board has three rows of connectors. The bottom set of connectors can be attached to the
open architecture controller wiring harness. The middle set of connectors can be attached
to the OEM ECU wiring harness. Each of the bottom two rows of connectors is
composed of four 50-pin Deutsch connectors. The top row of connectors is attached to
the all of the engine sensors and actuators via the OEM wiring harness affixed to the
engine. These connectors for the engine harness (described below) are exact duplicates of
the three connectors found on the OEM ECU. This allows the engine wiring harness,
which is physically connected to all engine sensors and actuators, to be connected to the
adapter board with minimal modifications.
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Figure 3.3

Adapter board layout

Figure 3.4

Adapter board with wiring harnesses
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The purpose of the adapter board is to allow communication between the engine
and one of the two engine controllers, and facilitate easy switching between the two.
Each pin of the bottom row is connected through the circuit board to the identical pin on
the middle row. Each pin in the top row utilized by the stock ECU is connected through
the board to a pin in the second and third row of connectors. Not every pin in the top row
is used by the OEM ECU, but the unused pins in the top row are connected to junction
holes in the board, as seen in Figure 3.3. Similarly, pins from the bottom two rows that
are not used are connected to a separate set of holes. This allows for future connections to
be made with wire jumpers between the junction holes. Soldering a wire between a hole
in the bottom set and a hole in the top set creates a connection between the bottom two
(controller) rows of connectors and the top (engine) row of connectors.
When operating the engine, the engine harness must be connected to the top row
of connectors, and one of the controllers must be connected to its respective row of
connectors. The engine should never be operated with both controllers connected to the
board to prevent signal interference. This leaves a third row of connectors on the board
unconnected. Because the pins between the three rows are connected in parallel, one may
monitor the signals on the empty row of connectors to “spy” on engine and controller
signals such as injector pulses. This is very useful for controller mapping and is discussed
in detail in Chapter V.
Three wiring harnesses are used to connect the different components of the
control system. One harness runs from the open architecture controller to the adapter
board; this harness is referred to as the “custom ECU harness”. One end of the harness is
fitted with several 37-pin connectors to connect to the custom controller’s connector
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panels shown in Figure 3.5. The other end of this harness is fitted with four 50-pin
Deutsch connectors. A second harness connects the stock ECU to the adapter board; this
harness is referred to as the “OEM ECU harness”. This wiring harness is constructed
primarily from a spare OEM engine wiring harness. The spare harness provides the three
connectors meant to connect to the stock ECU. These connectors were severed from the
spare harness and the loose wire ends were extended. The extended wires were attached
to four Deutsch connectors to fit to the adapter board. The third and final wiring harness
is referred to as the “engine harness”. The engine harness is the stock wiring harness that
is connected to all of the engine sensors and actuators on one end. The wires at the other
end of the engine harness were extended where necessary to reach the adapter board.

Figure 3.5

Open architecture front panel connectors and wiring harnesses

All wires in both the custom ECU harness and OEM ECU harness are labeled on
both ends to make the connections easily identifiable. An example of the naming
convention used on the wire labels can be seen in Figure 3.6. The labels are affixed such
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that the text lies in the axial direction of the wire. The connector and pin name closest to
the end of the wire describe the connection to be made at that end (e.g., Pin 2 on the AF1
connector that connects to the DI driver module through the front of the drawer as shown
in Fig. 3.6). The connector and pin name on the side towards the middle of the wire
describe the connection at the far end of the wire (e.g., Pin 3 of the CN4 connector that
connects to the “Custom ECU” bottom row in the ECU adapter board as shown in Fig.
3.2). At the other end of the wire, the CN4(3) label would be closest to the end with the
AF1(2) label on the side of the middle of the wire.

Figure 3.6

3.4

Example wire label

Custom Controller Design
The open architecture controller is composed of two drawers mounted in a 19-

inch rack. The placement of the two drawers can be seen in Figure 3.7. Each drawer
contains various components including voltage rails, CompactRIO expansion chassis, and
CompactRIO modules. The contents of the top drawer (Subassembly A) and bottom
drawer (Subassembly B) can be seen in Figure 3.8.
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Figure 3.7

Open architecture controller – front panels of the two drawers

Figure 3.8

Internal details of the open architecture controller drawers

3.4.1

Subassembly A
Subassembly A contains two cRIO expansion chassis and two voltage rails. The

two expansion chassis house a total of seven cRIO modules: one Drivven Analog/Digital
(AD) Combo module, one NI 9411 module, one Drivven Low-Side Driver (LSD)
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module, and four Diesel Injector (DI) Driver modules. The drawer contains three cable
ducts for internal wiring to pass through. These ducts serve only to keep the wires
organized. Two relays that are part of the power control for the system are also installed
in this drawer. At the rear of the rear of the drawer is a cooling fan powered by a standard
120 VAC plug. Figure 3.9 shows the contents of Subassembly A.

Figure 3.9

3.4.1.1

Contents of Subassembly A

Voltage Rails in Subassembly A
The two voltage rails in Subassembly A are divided into six different voltages as

seen in Figure 3.10. Pins 1 through 46 supply the main power and ground. All voltages
on this rail are provided by a Pyramid PS52KX 50 A DC power supply. The voltage on
this rail is divided into BattV and SwBattV. BattV provides limited power to the
controller, while SwBattV provides the main power used to drive engine actuators such
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as the fuel injectors. The division of the voltage rail in this manner is a safety precaution.
For more information on BattV and SwBattV, refer to Section 3.4.2.2.
Pins 51 through 96 provide 15 V, 5 V, and ground supplied by the PXI 4110 card.
This ground is used as the signal ground for engine sensors. The main power ground
(PGND) on the left rail is connected to the signal ground (SGND) on the right rail in
order to ensure common voltage ground. These rails are used to supply power to any
module that requires external power.

Figure 3.10

3.4.1.2

Controller voltage rails (A1) in Subassembly A

Power Relays
As shown in Figure 3.9, Subassembly A contains two relays: the A4 (SwBattV)

relay and the A2 (BattV) relay. These relays are used to control the power to all the
voltage rails. The A2 relay is actuated by a mechanical switch in a fashion similar to an
ignition key on a vehicle. When this switch is closed, the A2 relay powers the BattV
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voltage rail and provides limited power to the controller. The BattV rail is used to power
the Low-Side Driver module (discussed in Section 3.4.2.6). This is akin to “waking up”
the controller. Once powered on, the Low-Side Driver module is used to actuate the A4
relay through the engine control software. Closing the A4 relay connects the SwBattV
rail to the main power supply and provides power to the rest of the engine controller and
engine actuators (e.g. fuel injectors).
The two relay configuration acts a safety measure for the engine controller. One
relay must be actuated with a physical switch, and the other must be actuated via
software. This ensures that both the operator and control software are prepared for engine
operation. Additionally, an emergency stop switch is connected to the A2 relay to provide
another safety measure should any problems arise during engine operation.
3.4.1.3

Analog/Digital Combo Module
The Drivven AD Combo module is a CompactRIO module with analog and

digital inputs designed to interface with automotive sensors (Drivven, 2012a). The input
channels for the module are divided by type: (a) three channels for measuring 0 V to 33
V signals, (b) nine channels for measuring 0 V to 5 V, (c) nine channels for measuring
thermistor inputs, (d) two channels for reading Hall Effect sensors, and (e) two channels
for measuring variable reluctance (VR) sensor inputs. All inputs are single-ended
measurements, and the sample rate for each channel is 4 kS/s. To provide the nine
thermistor channels required for the engine, the AD combo was modified to provide four
additional thermistor channels at the cost of four 5 V channels. For the open architecture
controller, the AD Combo module is used to read all the measurements shown in Table
3.2.
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Table 3.2

Parameters measured by AD Combo module

AD Combo Measurements
DPF Regeneration Valve Position
Battery voltage
Pedal Sensor

EGR valve position

Pressure after regeneration valve

EGR differential pressure

Oil pressure

Exhaust pressure before turbine

Intake boost pressure

Fuel pressure

Fuel temperature

Intake boost temperature

EGR temperature

Exhaust temperature after turbine

Oil temperature

Intake temperature after intercooler

Cam speed

Engine coolant temperature

Turbocharger speed

The Drivven AD Combo FPGA VI is used to manage the incoming signals in
LabVIEW at the FPGA level. This VI outputs the measured sensor voltage in terms of
12-bit counts. These values are then be communicated to the real-time level and
processed algebraically to provide the user with engineering parameters such as
temperature and pressure. In addition to reading analog voltage signals from engine
sensors, the AD Combo module is used to read the VR sensor signals from the camshaft
and turbocharger to measure speed. Further information regarding the VI implementation
in the present work is provided in Chapter IV.
The AD Combo module only requires a 5 V power source from the CompactRIO
backplane. Power to individual sensors on the engine must be supplied from the 5 V
voltage rail shown in Figure 3.10. Sensor input signals are provided to the module via a
37 pin D-Sub connector on the top of the module. Two of the pins in the connector are
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wired to the signal ground bus. All of the measurement channels are connected to the
front panel connector labeled AF5 (see Figure 3.7).
3.4.1.4

Diesel Injector Driver Modules
The Drivven DI Driver modules are CompactRIO modules used to drive the

solenoid diesel injectors (Drivven, 2010). In this application, the DI Driver modules are
also used to control the six unit fuel pumps on the engine. Each module features three
solenoid injector drivers with a current capability of 30 A peak current and 15 A hold
current. The higher “peak” current is used to initiate injector needle motion. The lower
“hold” current is used to keep the needle open for the injection duration. The peak current
must be higher because more power is required to initiate injector needle motion from
rest compared to keeping it open.
The timing and duration for each driver channel is independently controlled
through LabVIEW. The Drivven DI Driver FPGA VI is used for interfacing with the
module and providing a control interface. However, this VI alone is not sufficient to
generate fuel commands because it has no engine position tracking capabilities. The
output of the Drivven Engine Position Tracking (EPT) VI must be input to the DI Driver
FPGA VI to ensure proper functioning of the DI Driver modules. Further information
regarding the VI implementation in the present work is provided in Chapter IV.
The DI Driver modules require two power sources. One source is the
CompactRIO backplane which provides 5 V and ground to various circuits in the module.
An external power source in the range of 12 V to 24 V must also be attached to the 10
screw terminal on the top of each module. This power is supplied by the main engine
power circuit through the voltage bus labeled SwBattV. Also connected to the screw
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terminal are the three output channels for the driving the injectors and pumps. Each
channel has a high and a low voltage line. Two modules are used to drive the six fuel
injectors, and two other modules are used to drive the six unit fuel pumps. The output
lines for the four modules are connected to the front panel connector labeled AF1 in
Figure 3.6.
3.4.1.5

NI 9411 Module
The NI 9411 module is a six-channel digital input module. It is capable of reading

± 5 V to 24 V single-ended or differential measurements. The maximum clock speed for
this module is 2 MHz. In this application, the 9411 module is used to monitor the speed
sensors of the drive shaft and the coolant pump. The BEI crank shaft encoder mounted on
the engine requires the use of three differential inputs. The coolant pump encoder uses
one single-ended input.
The NI 9411 requires a 15-pin D-Sub connector for input signals. Six pins are
connected to the front panel connector AF3 for the three differential inputs from the drive
shaft encoder. For the single-ended measurement from the coolant pump encoder, one pin
is connected to AF3. Another pin of the module is connected to the ground bus SGND.
The two unused channels are also connected to AF3 for later use.
3.4.1.6

Low-Side Driver Module
The Low-Side Driver module is an eight channel cRIO module capable of driving

general purpose automotive solenoids (Drivven, 2009d). Each channel is controlled
through PWM. Channels 1 through 4 can supply 1.2 A at continuous duty, and channels 5
through 8 can supply 2 A at continuous duty. In this application, the module is used to
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control four engine solenoids: the engine starter motor, the EGR valve, the DPF
regeneration valve (not currently used), and the air shutdown valve (not currently used).
The module is also used to operate the SwBattV main power relay inside the drawer.
Each channel of the LSD module is controlled independently through LabVIEW.
The Drivven Low-Side Driver FPGA VI is used for interfacing with the module and
providing a control interface. This VI allows for control of all necessary PWM
parameters such as pulse width and peak current. Further information regarding the VI
implementation in the present work is provided in Chapter IV.
The LSD module requires two power sources. One source is the CompactRIO
backplane which provides 5 V and ground to various circuits in the module. An external
power source must also be attached to the 10 screw terminal on the top of the module.
This power is supplied by the engine battery system through the voltage bus labeled
BattV. One channel of the module is connected to the main power relay solenoid inside
the drawer. This relay switches the SwBattV voltage rail on and off. Four channels of the
module are connected to the front panel connector AF2 in Figure 3.7.
3.4.2

Subassembly B
Subassembly B contains one cRIO expansion chassis and one voltage rail. The

expansion chassis houses three cRIO modules: one Drivven O2 Sensor module, one NI
9853 module, and NI 9401 module. The drawer also has one cable duct for wire
organization. At the rear of the rear of the drawer is a cooling fan powered by a standard
120 VAC plug. The contents of subassembly B are shown in Figure 3.11.
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Figure 3.11

3.4.2.1

Contents of Subassembly B

Voltage Rail in Subassembly B
The voltage rail in subassembly B is divided into two different voltages as seen in

Figure 3.12. Half of the pins supply the main power voltage labeled SwBattV, and the
other half supply ground voltage. Voltage is supplied to this rail by a connection to the
rail in Subassembly A. As in Subassembly A, this rail is used to supply voltage to any
module that requires external power.

Figure 3.12

Controller voltage rail (B1) in Subassembly B
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O2 Sensor Module

3.4.2.2

The Drivven O2 Sensor module is a cRIO module used to interface with multiple
wide-band and narrow-band exhaust oxygen sensors (Drivven, 2012b). The module has
four narrow-band oxygen sensor inputs, none of which are used in this application. The
module also has two wide-band oxygen sensor controllers. The O2 Sensor Module is not
used in the current application, but it is fully installed and ready for use in further
studies.
The operation of a wideband oxygen sensor requires control over several
parameters. This module controls the current to the sensor element to maintain a fixed
reference voltage. The module also controls the temperature of the sensor element to 750
degrees Celsius to ensure proper functioning. A detailed description of wide-band sensor
functionality is beyond the scope of this document, but additional information can be
obtained from the Robert Bosch GmbH website (Wideband Oxygen Sensors, 2014).
The O2 Sensor module is controlled using two Drivven LabVIEW VIs. The
Drivven UEGO FPGA VI is used to interface directly with the cRIO module, and it
provides an interface to the real-time level of LabVIEW. The real-time Drivven UEGO
VI is used to enable the sensors and display the data gathered by the O2 sensor.
The O2 Sensor module requires two power sources. One source is the
CompactRIO backplane which provides 5 V and ground to various circuits in the module.
An external power source must also be attached to the DB-37 connector on the top of the
module. This power is supplied by the engine battery system through the voltage bus
labeled SwBattV. Also attached to the DB-37 connector are the five wires needed to
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control a possible future wideband sensor. These wires are connected to the front panel
connector labeled BF1 in Figure 3.7.
3.4.2.3

NI 9853 Module
The NI 9853 is a high-speed CAN module. It is equipped with two independent

CAN ports. One port is internally powered, and the other is externally powered. Each
port has a separate DB-9 connector located on the top of the module. The module has a
maximum baud rate of 1 Mbits/s and a minimum baud rate of 40 kbits/s. The module is
controlled using NI’s CAN driver software through the Measurement and Automation
Explorer. In this application, the NI 9853 module is used to control CAN controlled
actuators/sensors with a baud rate of 250 kbit/s.
The NI 9853 module is connected to CAN networks with the two DB-9
connectors. Each CAN port uses three wires: two for the differential signal and one for
ground voltage. In the Drivven controller, the “CAN0” port is used to communicate with
the MX engine. This port is internally powered. The connector is wired to the DB-9
connector on the front panel labeled BF2 in Figure 3.7. The “CAN1” port is not currently
used, but it is connected to the front panel connector labeled BF3 for later use. Because it
must be externally powered, the “CAN1” port is also connected to the voltage bus labeled
SwBattV.
3.4.2.4

NI 9401 Module
The NI 9401 is an 8-channel, high-speed digital input/output module. The module

can be configured in three ways: eight input channels, eight output channels, or four input
channels and four output channels. The channels in any configuration have a voltage
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range of 0 V to 5 V and a maximum clock rate of 10 MHz. The module is compatible
with single-ended transistor-transistor logic (TTL) signals. In this application the 9401
module is used for FPGA debugging purposes such as producing engine synchronous
digital pulses for calibrating engine tracking.
The NI 9401 is equipped with a 25-pin D-Sub connector for input and output
signals. At this time the module is only connected through the backplane. Connections
can be made to the top connector in the future to help solve engine synchronization
problems as discussed in Chapter IV.
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CHAPTER IV
ENGINE CONTROL SOFTWARE DEVELOPMENT

4.1

Engine Control Software Overview
The open architecture controller discussed in the previous chapter contains all of

the important hardware required to ensure complete and flexible control of the present
engine. Equally important, vis-à-vis engine control, is the software used to control the
hardware. This software must be capable of interpreting user input to achieve the desired
engine response, while simultaneously monitoring the state of the engine to make the
required adjustments. To achieve the flexibility desired for the research environment, this
software must have a user interface that provides control over all engine operating
parameters. In this section the software used to communicate with the open architecture
controller and control the engine is described in detail.
Control of the engine is accomplished through the use of National Instruments’
LabVIEW software and Drivven’s CalVIEW software. LabVIEW is a graphical
programming language that allows users to compose programs known as virtual
instruments (VIs). The control software for the engine is composed of many VIs that
interact with one another. CalVIEW is a toolkit that provides a user-friendly interface to
facilitate communication between VIs operating on different devices. As a basis to begin
the work described in this thesis, Drivven provided an example LabVIEW project for
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inline 6-cylinder diesel engine control. This project was then modified to suit the
requirements of the present engine.
4.2

Virtual Instrument Hierarchy
The software for the open architecture controller can be divided into a hierarchy

of VIs. A general overview of the VI network is shown in Figure 4.1. At the lowest level
is the FPGA code introduced in Section 3.2. This code communicates directly with the
cRIO modules, sending and receiving signals to the engine. This code must be executed
extremely quickly in order to accurately track engine position and control high speed
actuators such as fuel injectors. Because it is executed on an FPGA module, this code is
able to operate at the high rate of 40 MHz. The next level of code is the real-time (RT)
VI. This VI receives input signals from the FPGA level VI and processes them. Using
this input, the RT VI calculates the output signals required to achieve the desired engine
operation and feeds them back to the FPGA code for execution. This level of code
executes at approximately 100 Hz. The final level of the hierarchy is the Host VI. This VI
acts as the primary user interface for controlling the engine. It presents the user with
processed engine operating data such as temperatures, pressures, speed, etc., in an easyto-interpret format. It also allows for user control over parameters such as injection
timing and duration. The Host VI is implemented using CalVIEW to communicate with
the RT VI. Each level of code is described in detail in the following sections.
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Figure 4.1

4.2.1

VI hierarchy overview

FPGA VI
The FPGA VI can be thought of as the “lowest level” of the engine control

software in that it is the farthest removed from the engine operator. This level of code
communicates directly with the cRIO modules and performs engine synchronous activity.
The code is first written in the LabVIEW programming language and then must be
translated to an FPGA executable code in a process known as “compiling.” Once the
code is compiled, it is deployed to the “FPGA target.” In this case the FPGA target is the
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PXI-7813R module mounted in the PXI chassis and discussed in Section 3.2. Running
the VI from an FPGA allows an execution rate of 40 MHz; this fast clock rate
accommodates control of engine synchronous events. The front panel of this code is not
meant for user interaction. Rather, this VI is just used as a communication bridge
between the higher level VIs and the cRIO devices.
The FPGA VI contains several subVIs provided by Drivven to interface with their
cRIO modules. The first of these is the Low-Side Driver VI (Drivven, 2009d). As
discussed in Chapter III, the Low-Side Driver module is used to actuate common
automotive solenoids. An overview of the subVI’s inputs and outputs is shown in Figure
4.2, and the Low-Side Driver portion of the engine control FPGA VI is shown in Figure
4.3. Note that the input and output wires shown in Figure 4.2 are data “clusters” that
combine multiple pieces of information on a single wire. When inserted into the FPGA
VI, the Low-Side Driver subVI will search the project for applicable modules with which
it can be paired. Once paired with a Drivven Low-Side Driver module, the subVI will
handle all communications with the cRIO device. The inputs for the subVI consist of
Boolean controls to enable the eight channels and to modify the pulse widths and periods.
The resulting PWM signal is used to switch engine solenoids. The outputs of the subVI
are Boolean fault indicators that detect open and short circuits. The input and output
clusters shown in Figure 4.2 are shown in the unbundled form in the project in Figure 4.3.

Figure 4.2

Low-Side Driver subVI overview
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Figure 4.3

Low-Side Driver implementation

The AD Combo module also has a module-specific subVI in the FPGA level code
(Drivven, 2012a). As with the Low-Side Driver subVI, it must be placed in the FPGA VI
and paired with a module in the LabVIEW project. A summary of the outputs of the
module specific VI is shown in Figure 4.4. The two output clusters of interest for the
present application are the “AnalogData” and “VRHallData”.

Figure 4.4

AD Combo subVI overview

The AnalogData cluster carries all the readings from the engine sensors listed in
Section 3.4.2.3. Figure 4.5 shows the configuration of the analog data output of the AD
Combo module in the present application. As seen in Figure 4.5, the module output data
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cluster is unbundled at the FPGA level, and each value is assigned to an integer indicator.
The values output by the AD Combo subVI are in terms of 12-bit “counts” at this point.
Each value can be accessed at the real-time level by name and processed into meaningful
units.

Figure 4.5

AD Combo analog data

The VRHallData cluster carries the readings from the turbocharger and camshaft
VR sensors. At the time of the present work, the turbocharger shaft speed is only used for
general information. The camshaft position, however, is a vital part of engine position
tracking and warrants further discussion. The processing of the turbocharger and
camshaft VR sensor data is shown in Figure 4.6. Also shown in the figure is the engine
position tracking portion of the code, which is discussed in detail below.
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Figure 4.6
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FPGA VI engine position tracking

Engine position tracking is a very important function of the FPGA VI. The precise
position of the crankshaft must be known to actuate the injectors and the pumps at the
correct time, and errors in timing can cause catastrophic damage to the engine. Because
of its robust nature and high clock rate, the FPGA level is ideal for engine position
tracking and for controlling the timing of engine crank-synchronous events. The position
tracking of many engines is fairly straightforward when using hardware and software
provided by Drivven. In particular, Drivven’s series of “Engine Position Tracking (EPT)”
VIs process sensor data and provide the user with easy-to-interpret position information
that can be used to control the engine (Drivven, 2009a). An example of an EPT subVI is
shown in Figure 4.7.

Figure 4.7

Engine Position Tracking subVI

Drivven provides several EPT subVIs for use with its modules. The selection of
the EPT subVI is based on the encoder pattern or crank wheel tooth patter to be used for
engine position tracking (e.g. N-M or N +1). The EPT subVI has two input clusters. The
“EPTControl” cluster contains information the VI needs to correctly track position such
as number of crank teeth, missing teeth, extra/missing tooth location, etc. The
“EPTInSig” cluster contains the VR or Hall Effect sensor data from the crankshaft and
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the camshaft. In four-stroke engine operation, the crankshaft makes two revolutions for
every one revolution of the camshaft. Because of this the pulse train from the crankshaft
is identical during the compression and exhaust strokes. Using the unique position of the
camshaft, the VI can determine which stroke the engine is operating on at a given time to
properly control fuel delivery and other parameters.
The EPT subVI produces three output clusters. The first is the “EPTData” cluster.
This cluster contains various Boolean fault indicators that detect if the engine has stalled
or if an indicator (e.g., plus 1) tooth has been missed. The EPTData cluster also carries
various integer outputs that communicate engine speed such as “Period” and
“PeriodAccum”. The “Period” and “PeriodAccum” represent the measured period, with
the Period value being a tooth-to-tooth period and the PeriodAccum value being an
average value over a user-specified number of teeth. These values can be converted by
the user to engine speed in revolutions per minute (rpm). Also in the EPTData cluster, the
“CrankCount” and “CurrentPosition” values both represent the engine position.
CrankCount reports the engine position by tooth number, and CurrentPosition reports the
engine position by absolute crank angle “ticks”. “Ticks” are how the Drivven subVIs
often express values. Ticks are unitless values that must be converted to engineering units
algebraically. The number of crank angle ticks is dependent on the number of teeth on the
encoder, the stroke of the engine, and the extrapolation level used. For instance, when a
3600-tooth encoder is utilized to track a 4-stroke engine, and an extrapolation level of 2 is
applied, the EPT VI will produce 28,800 ticks per engine cycle. A simple conversion to
engineering units shows that each tick represents an increment of 0.025 crank-angledegrees.
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The second output cluster of the EPT subVI is the “FuelSparkSupervisor”. This
cluster contains all the information required by Drivven’s fuel and spark control subVIs.
The data does not need to be unbundled and must be wired directly into the other subVIs,
which are further discussed below. The third output cluster of the EPT subVI is the
“EPTOutSig.” This cluster normally passes the crankshaft and camshaft signals directly
through. In some cases the EPT subVI may be used to simulate crankshaft and camshaft
signals for checking the LabVIEW code or testing hardware response. In these cases the
EPTOutSig cluster carries simulated signals.
For many engines the combination of the VR/Hall effect sensor data from the
ADCombo module and the EPT subVI are all that is required for engine position
tracking. The engine discussed in the present work, however, presented a unique
challenge. The tooth pattern of the crankshaft wheel was 60-2-2-2. In other words, the
wheel had three groups of 18 teeth, with each group separated by two missing teeth. At
the time of the present research, this tooth pattern was not supported by the Drivven EPT
subVIs; however, Drivven delivered a new, custom-made EPT subVI for this project
later. Meanwhile, to track the position of the crankshaft with the older version of the EPT
subVI, a BEI shaft encoder with 0.1° crank angle resolution was fitted to the engine with
a custom mounting bracket, as shown in Figure 4.8. This facilitates the use of the EPT
subVI designed for use with encoders. Some possible drawbacks of using the BEI
encoder for engine control purposes are that (a) the flexible coupling used to couple the
encoder to the engine crankshaft is not as robust as the crankshaft wheel, which is “hardmounted” to the engine crankshaft, and (b) it becomes difficult to use the encoder signals
simultaneously for the acquisition of cylinder pressure and other crank-resolved data.
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Figure 4.8

Shaft encoder

The signal from the shaft encoder is measured by the high-speed NI 9411 digital
input module. The primary signal from the encoder used in engine tracking is the
“B-pulse”, which indicates encoder position with ten pulses for every crank angle degree.
The B-pulse is supplied as the “CrankSig” input for the encoder version of the EPT
subVI, as shown in Figure 4.9. The subVI that the B-pulse signal passes through is a
Drivven subVI simply used to filter out glitches in the pulse train.
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Figure 4.9

Encoder EPT input configuration

The camshaft signal from the ADCombo VR sensor channel requires some unique
signal processing before being supplied to the encoder EPT subVI. This is due to the
unconventional way in which the present engine is tracked. The camshaft data is supplied
to a separate EPT subVI as shown in Figure 4.10. This subVI is originally intended to
track a crankshaft, but is implemented here to track only the cam. This EPT subVI is of
the N+1 type to match the camshaft’s 6+1 toothed wheel pattern. The signal from the
camshaft is filtered in the same manner as the encoder B-pulse signal and fed into the
EPT subVI. Note that the desired output of this particular subVI is camshaft position
rather than crankshaft position. To accomplish this, the camshaft signal must be supplied
to the crankshaft input of the EPT subVI. The camshaft of a four-stroke engine makes
only one revolution per engine cycle, while the crankshaft makes two. To account for the
difference in rotational frequency between the crankshaft and camshaft, the VI is
switched to the two-stroke mode. This tells the VI that one full rotation of the toothed
wheel corresponds to one full engine cycle.
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Figure 4.10

EPT SubVI configured to track camshaft position

The camshaft data requires one further step of pre-processing before it can be
supplied to the encoder EPT subVI. The CamSig input of the encoder EPT subVI is used
to identify whether the crankshaft is in the compression or the exhaust stroke (for
example). The input is required in the form of one pulse for every camshaft rotation. The
“Z-pulse” from the encoder provides the most precise reference point for angular
measurement, but it occurs once every crankshaft rotation. In four-stroke engine
operation, the crankshaft reaches top dead center (TDC) twice during every engine cycle,
but the EPT subVI needs to identify only one TDC per cycle (i.e., gas exchange TDC).
To this end, one of the two Z-pulses that occurs every cycle must be hidden or “masked”
such that only the gas exchange TDC signal remains. The camshaft position data from the
N+1 EPT subVI is used to differentiate between Z-pulses. To do this the Drivven “AngleAngle Pulse” subVI is employed as shown in Figure 4.11 (Drivven, 2009a).
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Figure 4.11

Angle-Angle Pulse subVI for Z-mask configuration

The Angle-Angle Pulse subVI reads the FuelSparkSupervisor output of the EPT
subVI and produces a digital pulse with a user-defined start and end position. The inputs
of the Angle-Angle Pulse subVI are set to produce a pulse near TDC. This pulse is then
input to the “AND” function seen before the CamSig input in Figure 4.9. The “AND”
function only allows one Z-pulse to pass through for every engine cycle, i.e., only the Zpulse which is accompanied by the TDC pulse output from the Angle-Angle subVI is
allowed to pass through, effectively masking the other Z-pulse.
The engine position tracking portion of the FPGA VI also contains a simple code
to measure if the shaft encoder has slipped, shown in Figure 4.12. If the connection
between the encoder shaft and the drive shaft were to slip, the measured engine position
would be incorrect. This will lead to incorrect fuel injection timing and engine damage.
To ensure the encoder has not slipped, its position is checked every time it reaches
position zero. This is then compared to the measured camshaft position, and if the
readings vary by an amount larger than the user specified values an “Encoder Slipped”
error is reported.
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Figure 4.12

Encoder position verification

The engine position tracking code also contains controls for the NI 9401 digital
input/output module, as shown in Figure 4.13. This portion of the code can be changed by
the user to generate voltage pulses at different intervals. For instance, the control can be
used to create a pulse in-sync with the encoder Z-pulse or to output the masking pulse
from the Angle-Angle Pulse subVI. These pulses can then be read using an oscilloscope.
This is useful for determining the relative positioning of the encoder and camshaft. The
NI 9401 control does not play any role in actual engine control.
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Figure 4.13

NI 9401 control

The FPGA VI contains one DI Driver subVI for each module (total of four)
(Drivven, 2010). Similar to the other module-specific subVIs, the DI Driver subVI is
placed into the code and paired with a module in the project. The subVI has a total of five
input clusters as shown in Figure 4.14. Three of the clusters are used to control the three
injector channels of the module. A list of the injector control parameters on these
channels is shown in Table 4.1. The fourth input, DIControl4, contains general module
controls such as the Boolean switch to enable the module. The fifth input is the
FuelSparkSupervisor from the EPT subVI. The output cluster of the subVI gives
information about the module status such as temperature readings and faults. The other
outputs, OLIntegrator and Key Out, are used with other Drivven applications and are not
applicable to the present work.
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Table 4.1

“DIControl” input cluster parameters
“DIControl” Input Cluster
Function

Input Name
FuelEnable
PilotEnable

Potentially enables all five pulses, depending on other four
controls.
Enables pilot pulse.

PreEnable

Enables pre-injection pulse.

AfterEnable

Enables after-injection pulse.

PostEnable

Enables post-injection pulse.

MainStartPosition

Defines the start position of the main injection pulse in terms of
crank angle ticks.
Defines the pilot advance in terms of crank angle ticks before the
main start position.
Defines pilot duration in terms of crank angle ticks.

PilotAdvance
PilotDuration
PreAdvance
PreDuration

Defines the pre-injection advance in terms of crank angle ticks
before the main start position.
Defines pre-injection duration in terms of crank angle ticks.

MainDuration

Defines main injection duration in terms of crank angle ticks.

AfterDelay

Defines the after-injection delay in terms of crank angle ticks
after the main start position.
Defines after-injection duration in terms of crank angle ticks.

AfterDuration
PostDelay
PostDuration
CutoffPosition

Figure 4.14

Defines the post fuel pulse delay in terms of crank angle ticks
after the main start position.
Defines post fuel pulse duration in terms of crank angle ticks.
Defines at which point the FPGA software switches to the next
injector channel in terms of absolute crank angle ticks.

DI Driver subVI overview
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The portion of the FPGA VI dedicated to DI Driver control is shown in Figure
4.15. Two of the DI Driver subVIs are linked to the modules for fuel injector control, and
the other two subVIs are linked to the modules for fuel pump control. The
FuelSparkSupervisor from the encoder EPT subVI can be seen passing to each of the DI
Driver subVIs. The two subVIs on the left have their inputs listed separately and then
bundled together, while the two subVIs on the right make use of the more compact
cluster control function in LabVIEW. In practice the two input methods operate in the
same way, but the expanded version on the left more clearly illustrates which inputs are
being fed to the subVIs. Regardless of the input definition method, all of the inputs to the
four subVIs can be accessed at the real-time level for control. The output indicators can
also be called upon at the real-time level for monitoring the modules’ operation states.
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Figure 4.15
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FPGA VI DI Driver control

The final portion of the FPGA subVI is dedicated to communicating with the
NI 9853 CAN module. The CAN network includes various devices on the engine that
may all send and receive messages on the same network. In order to keep all the
messages organized, each device is assigned an identifier. The CAN portion of the FPGA
subVI reads and processes the incoming messages, placing them into a “first in, first out”
(FIFO) queue. The CAN logic also removes outgoing messages from a FIFO queue and
writes them to the network. Figure 4.16 shows the FPGA CAN programming.

Figure 4.16

4.2.2

FPGA CAN configuration

Real-Time VI
The Real-Time (RT) VI is the “intermediate level” of the engine control software.

It contains more complex logic than the FPGA VI, but is still removed from the engine
operator. Its primary function is to pass information between the operator and the FPGA
VI. Furthermore, the RT VI contains the bulk of the engine data monitoring and control
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algorithms. The RT VI is executed on the PXI controller and operates at a relatively slow
frequency of 100 Hz compared to the FPGA’s 40 MHz. This means that engine control
parameters can be read or written by the RT VI once every 10 milliseconds. Commands
sent to the FPGA are continually executed until the RT VI completes another cycle.
An overview of the RT VI structure is shown in Figure 4.17. The primary
components of the VI are the “read inputs”, “control logic”, and “write output” portions
highlighted in the figure. These components are placed in a flat sequence structure that
executes each section (called frames) in order from right to left. The “read inputs” frame
is responsible for processing incoming signals from engine sensors and converting them
into useful engineering units. The “control logic” frame uses the processed engine data
and control algorithm to determine the desired response of the various engine actuators.
The “write outputs” frame then sends the desired commands to the FPGA VI for
execution. The contents of each of these frames are discussed in detail in the following
sections.
Other components of the RT VI are also highlighted in Figure 4.17. On the far left
is the initialization portion of the code. This is used to establish a link with the FPGA
target and to manage the connection with Drivven’s CalVIEW. The connection with
CalVIEW is discussed further in the Host VI section of this document. The loop in the
lower left of the RT VI reads the inputs from the test cell data acquisition system. The
parameters measured by the test cell data acquisition system are limited to slow speed
(i.e., steady state) values which are not essential to engine synchronous control and
include items such as dynamometer coolant temperatures, engine performance, and
emissions data.
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Figure 4.17
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Real-Time VI overview

Below the main flat sequence lies the CAN control subVI. This subVI uses the
SAE J1939 protocol to read and write messages on the CAN network. In particular this
VI is used to simulate vehicle messages to prevent error codes when the engine is
operated with the OEM ECU and to control the variable geometry turbocharger (i.e., to
control boost pressure using the turbocharger actuator) when the engine is operated with
the open architecture controller. An overview of the CAN subVI is shown in
Appendix A.
4.2.2.1

Read Inputs Frame of the RT VI
The “read inputs” frame of the RT VI is the first major frame in the engine control

structure to execute. Details of the read inputs frame are shown in Figure 4.18. This
frame contains two subVIs: the “ReadInputs” subVI and the “ECAN” subVI. The
primary responsibility of ReadInputs subVI is to receive and interpret the sensor data
passed up from the FPGA VI. The values transmitted by the FPGA VI are often in terms
of “counts” (e.g., 12-bit values) and need to be converted into a more useful form with
physical significance. All necessary conversions occur within the ReadInputs subVI,
meaning that the outputs shown in Figure 4.18 are in terms of physical units. The ECAN
subVI is used to import messages from the CAN network into the engine control portion
of the RT VI. As with the ReadInputs subVI, the ECAN outputs are converted into useful
units. The outputs of these two subVIs can be used to display information to the engine
operator or to transmit information to other parts of the VI for use in engine control logic.
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Figure 4.18

Read inputs frame of the RT VI

The ReadInputs subVI consists of a stacked sequence structure. This LabVIEW
structure consists of multiple frames stacked on top of one another that execute in order.
In this particular subVI, each of the frames is related to processing inputs of a certain
type. The first frame is dedicated to interpreting the ADCombo module inputs. The
ADCombo module frame is shown in Figure 4.19. The large block in the left of the VI is
an FPGA Read/Write control. This is a LabVIEW tool that is used to communicate with
an FPGA target. When the block is set to read, as it is in this case, it pulls data from
indicators on the referenced FPGA VI. The indicators are called upon by name.
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Figure 4.19

ADCombo frame of the ReadInputs subVI

Once the readings from the ADCombo module are available in the RT level by
means of the Read/Write control, they must be converted. Because the ADCombo
expresses voltage measurements in 12-bit counts (i.e., 0 to 4095), the values are first
divided by 212. This converts the reading to a percentage of the maximum sensor voltage.
In this case, the majority of the sensors read from 0 V to 5 V. Multiplying the calculated
percentage by 5 V gives the actual voltage measured at the engine sensor. These voltages
are then passed through a two-dimensional lookup table. Based on user defined values,
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the lookup table returns a measurement (e.g., pressure) corresponding to a given sensor
voltage. Due to the fact that the temperature sensors on the engine are thermistors, some
additional algebraic processing is required to convert the measured voltage into
resistance. The temperature readings are then determined using a lookup table containing
resistance versus temperature information.
The ADCombo frame of the ReadInputs subVI introduces a very important
component of the engine control software: the Drivven CalPoint. CalPoints are
LabVIEW tools that are installed as a part of Drivven’s CalVIEW software. The
implementation of CalVIEW is further discussed in the Host VI section of this chapter.
However, CalPoints are an integral part of the RT subVIs. CalPoints are data parameters
placed in the RT level codes. They can be controls or indicators, and Drivven provides a
number of different types including integer, Boolean, arrays, and strings. CalVIEW acts
as the bridge between the user level (host) VI and the RT VIs, transmitting the values of
CalPoints between the two levels. As such, CalPoints are the only parameters that the
user can interact with (read or control) when operating the engine.
Many values in the ADCombo frame are assigned to CalPoints, including the
sensor voltages, the lookup tables, and the converted sensor readings. This allows the
measurements to be passed to the host level for the user to monitor temperatures and
pressures. Using a CalPoint for the lookup tables allows the user to modify the table
values from the host VI. The converted sensor readings are also assigned as outputs of the
ReadInput subVI.
The next frame of the ReadInputs subVI is dedicated to tracking engine position
and speed. The engine tracking frame is shown in Figure 4.20. Read/write controls are
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used here to import the data from the EPT subVIs in the FPGA VI. A primary function
this code is to calculate the engine speed for use in the engine control logic. The frame
also contains several error indicators to signify if the engine tracking has been disrupted.
The VI also contains logic to determine if the engine is running, cranking, or stalled
based on measured parameters. Many of these values are assigned to CalPoints for use at
the host level. Engine speed and status are set as outputs of the ReadInputs subVI.

Figure 4.20

Engine tracking frame of the ReadInputs subVI

The purpose of the third frame of the ReadInputs subVI is to process the data
streams produced by the DI Driver modules. The frame is shown in Figure 4.21. Drivven
provides a custom subVI called “DI DATA CONVRT” to aid in the conversion to
engineering units (Drivven, 2010). These subVIs can be seen in the middle of the figure.
FPGA read/write controls are used to import the output clusters from the FPGA DI
Driver subVIs. Each string is input directly to the conversion subVI which provides
outputs in the appropriate units. The unbundled outputs, consisting primarily of module
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status information and error indicators, are all assigned to CalPoints. Boolean indicators
confirming the presence of each module are set as outputs of the ReadInputs subVI.

Figure 4.21

DI Driver frame of the ReadInputs subVI

The ReadInputs subVI also reads the fault indicators from the Low-Side Driver
module. All of the faults are assigned to CalPoints for monitoring from the host VI. Only
the output indicating the presence of the module is set as a ReadInputs subVI output. The
LSD frame of the subVI is shown in Figure 4.22.
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Figure 4.22

Low-Side Driver frame of the ReadInputs subVI

The final frame of the ReadInputs subVI contains critical fault detection as shown
in Figure 4.23. The frame contains logic to compare engine parameters such as coolant
temperature to user defined limits. These faults are assigned to Fault Points, which are
similar to CalPoints. Fault Points are used to monitor and clear major faults to ensure safe
engine operation. A single Boolean indicator is set as an output of the ReadInputs subVI
to communicate the presence of a critical fault to the rest of the RT VI.

Figure 4.23

Fault detection frame of the ReadInputs subVI
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4.2.2.2

Engine Control Logic Frame of the RT VI
The second major component of the RT VI is the “engine control logic” frame,

shown in Figure 4.24. This frame contains the code required to calculate control values
based on the information processed in the preceding Read Inputs frame. The primary
purpose of this frame for the experiments discussed in the present work is to determine
the fuel injection control based on the current engine operating condition and throttle
input. Although not used at the time of this work, the frame contains placeholders for
other parameters such as EGR and turbocharger boost control.

Figure 4.24

Engine control logic frame of the RT VI
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The torque command subVI is the first subVI executed in this frame, and its
outputs are required for subsequent subVI operation. The block diagram of the torque
command subVI is shown in Figure 4.25. The purpose of the torque command subVI is to
determine the desired engine load based on engine speed and throttle position. Engine
speeds, in units of revolutions per minute (rpm), and pedal position, as a percentage, are
input to a three-dimensional lookup table. The lookup table uses this information to
calculate the desired BMEP in bar which is output from the subVI. The subVI also
contains logic to provide extra demand during warm-up and limit demand to 100 percent.
A Boolean switch allows the desired BMEP to be set manually rather than calculated. As
with other VIs in the RT level, the lookup tables and outputs are assigned to CalPoints.

Figure 4.25

Torque command subVI

The other subVI contained in the engine control logic frame is the diesel fueling
subVI. As previously described, the DI Driver modules are capable of controlling five
injection events on each channel for each cycle (pre-injection, pilot, main, after, and
post-injection). Each of these pulses requires distinct input control values for timing and
duration. An excerpt of the diesel fueling subVI showing the control of the main injection
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pulse is shown in Figure 4.26. Using the measured engine speed and the desired BMEP
value from the torque command subVI, three-dimensional lookup tables are used to
determine the required advance or delay in timing and duration of the injection pulse. The
diesel fueling subVI also allows for manual control over the injection pulse with
CalPoints. The final injector control values are output both as CalPoints and diesel
fueling subVI outputs to the main RT VI.

Figure 4.26

4.2.2.3

Excerpt of the main injection control of the diesel fueling subVI

Write Outputs Frame of the RT VI
The last major component of the RT VI is the “write outputs” frame, shown in

Figure 4.27. This frame contains the “WriteOutputs” subVI. The purpose of the
WriteOutputs subVI is to transmit values to all of the controls in the FPGA VI. Some of
the values are direct user inputs from the host level, and the others are determined by the
engine control logic portion of the RT VI. The WriteOutputs subVI requires inputs from
both the ReadInputs subVI and the diesel fueling subVI. This subVI also contains the
logic required to convert the outputs from engineering units to counts or ticks as required
by the FPGA level code.
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Figure 4.27

Write outputs frame of the RT VI

Similar to the ReadInputs subVI, the WriteOutputs subVI is arranged in a stacked
sequence structure in which each frame focuses on a particular group of output
commands. The first frame is shown in Figure 4.28. Also shown at the left of the figure is
a group of inputs that can be wired to any of the frames, as required. These are control
CalPoints defining information such as the relative offset between cylinders, number of
crank pulses per rotation, and engine stroke. Once all output commands have been
processed, they are wired to FPGA read/write controls set to the write configuration. Just
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as the read/write controls were used to retrieve information from the FPGA VI indicators
in the ReadInputs subVI, here they are used to write information to FPGA controls.

Figure 4.28

EPT control frame of the WriteOutputs subVI

The first frame of the WriteOutputs subVI is for controlling the EPT subVIs in the
FPGA level code. The required EPT subVI inputs are provided by way of CalPoints. This
is also where the simulation functionality of the EPT subVIs are controlled. Boolean
CalPoints are used to enable speed simulation, and integer CalPoints are used to define
the simulated speed. The Drivven “Speed 2 Ticks” subVI is used in this frame to convert
speed in rpm to crank angle ticks (Drivven, 2009c). The slip monitoring and Z-pulse
masking functions of the FPGA are controlled here with constants.
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The next frame is used to control the timing of the fuel injector modules. Separate
controls are created for each of the five possible injection events. An excerpt of the frame
showing the control of the main injection is shown in Figure 4.29. The timing and
duration outputs from the diesel fueling subVI are used to set the injection parameters.
This frame makes use of the cylinder offset CalPoints introduced earlier to adjust the
timing information to suit each cylinder. The timing command from the diesel fueling
subVI is in terms of degrees before TDC. The FPGA DI Driver controls, however,
require this information in crank angle ticks. The Drivven “Offset 2 CAT” subVI is used
to make this conversion. The injection duration needs to be converted from milliseconds
to crank angle ticks. The Drivven “Time 2 Ticks” subVI is used to make this conversion
(Drivven, 2009c).

Figure 4.29

Excerpt of fuel injector settings frame of WriteOutputs subVI
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The third frame of the WriteOutputs subVI, shown in Figure 4.30, contains the
fuel injector module controls. These are more general controls than the settings contained
in the previous frame. Boolean CalPoint controls are used to enable each of the five
injection events. Integer CalPoints are used to define parameters of the injection
waveform such as voltage level, peak current, and hold current. The di_rt_cal subVI is
used to calibrate and initialize the DI Driver modules each time the waveform settings are
changed (Drivven, 2010). The settings in this frame and the previous frame are dedicated
to controlling the fuel injectors. Similar code is contained in the WriteOutputs subVI to
control the fuel pump modules.

Figure 4.30

Fuel injector DI Driver controls frame of the WriteOutputs subVI
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The remaining functions of the WriteOutputs subVI are rather straightforward.
One frame is used to control the AD Combo modules PWM channels. At present, the AD
Combo module is only used to actuate the main power relay. The PWM signal for this
channel is configured such that it is always high or low, and it is controlled with a
Boolean CalPoint. CalPoint controls may be placed in this frame in the future to control
other engine solenoids or the PWM-modulated EGR valve. The WriteOutputs subVI also
contains a simple control for NI 9401 digital output. Several of the module channels are
controlled by parameters in the FPGA VI. One channel, however, is used to create a userdefined pulse to aid in configuring the crankshaft encoder.
4.2.3

CalVIEW and Host VI
The “highest level” of the engine control software is made up of the host VI and

the CalVIEW software. This is the only part of the software with which the user interacts
during normal engine operation. The host VI provides the user with easy-to-interpret
readouts from all the engine sensors. It also allows the user to make modifications to
engine operating parameters quickly and easily without modifying any of the LabVIEW
code discussed in the previous sections. Drivven’s CalVIEW software acts as the bridge
between this VI and the RT level code. The host VI runs on a Windows-based machine
and is not computationally intensive. Meanwhile, the RT level code runs on the PXI
controller in the LabVIEW Real-Time operating system; the PXI controller is referred to
in the project as the real-time target. CalVIEW sends and receives all messages to the RT
VI operating on the real-time target.
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4.2.3.1

Host VI
The host VI acts as the primary user interface when operating the engine. The

host VI front panel is shown in Figure 4.31 and the block diagram is shown in
Figure 4.32. By inspecting the front panel, the host VI appears to be very complex with
many controls and indicators; this is actually due to the extensive flexibility in controlling
engine parameters that the open controller offers the user. Conversely, the block diagram
is very simple. In fact, the block diagram contains only controls and indicators with no
logic or wiring.
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Figure 4.31
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Host VI front panel

Figure 4.32

89

Host VI block diagram

4.2.3.2

CalVIEW
To understand the peculiar structure of the host VI block diagram, one must first

be introduced to CalVIEW. Figure 4.33 shows the CalVIEW console. A LabVIEW
project containing the appropriate FPGA, RT, and host VIs must first be selected to
operate CalVIEW. CalVIEW will then identify all controls and indicators in the host VI.
The user then selects a target RT VI, and CalVIEW searches the code for all CalPoints.
The items identified in the host VI are placed in the column on the right labeled “Host
Items”; the CalPoints are placed in the column on the left labeled “Target Items”.

Figure 4.33

CalVIEW console

The next step in setting up a CalVIEW project is known as “pairing.” The user
can manually select any host item and pair it with a target item by dragging and dropping
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the names on top of one another. A green indicator light next to the item name indicates a
successful pairing. The user may also use CalVIEW to auto-pair items. The auto-pairing
function pairs host items to CalPoints with similar names. Because a project such as the
present one contains many controls and indicators, careful naming is very important to
facilitate the pairing process. Once all items are successfully paired, CalVIEW saves the
connections in a pairing file.
This functionality (i.e., pairing) is the reason there are no connections in the host
VI. All of the coding required to operate the engine is contained in the lower level VIs.
The host VI controls and indicators simply provide a connection to the operator, while
CalVIEW handles all internal communications.
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CHAPTER V
ECU MAPPING AND CALIBRATION

This chapter describes the work performed to configure the open architecture
controller to operate the heavy duty engine. This work can be divided in two phases. The
first step is to operate the engine using the OEM ECU while monitoring the control
signals in a process known as “ECU mapping.” The mapping efforts described in this
chapter focus on determining how the unit fuel pumps and the fuel injectors are operated
by the OEM ECU, as this is the most basic aspect of diesel engine operation. The second
step is to process the data acquired during mapping and use it to program the open
architecture controller. The control parameters are then gradually adjusted to refine
engine operation. The goal at this stage is to mimic engine operation with the OEM ECU
as closely as possible.
5.1

ECU Mapping Setup
The first step of mapping the OEM ECU was to configure the engine to operate

using the OEM ECU. To do this the engine harness was connected to the top row of
connectors on the adapter board, and the OEM ECU harness was attached to the middle
row of connectors. The custom ECU harness had to be disconnected from the adapter
board, leaving the bottom row of connectors open (see Figs. 3.2 and 3.3). This allowed
control signals to pass from the OEM ECU through the adapter board to the engine
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actuators and in the reverse direction from the engine sensors to the OEM ECU through
the adapter board.
The next step in setting up the ECU mapping experiments truly illustrates the
usefulness of the ECU adapter board. Because the custom ECU harness was not
connected during mapping engine operation, the connector pins were left exposed. Recall
from Chapter III that each pin in one row of connectors is connected in parallel to a
single pin in each of the other rows. By measuring the voltage of one pin in the open set
of connectors, one may effectively record the messages being passed from the OEM ECU
to the engine actuators.
The primary goal of the present work was to first get the engine operational at the
most basic level with the open architecture controller. This means that the fuel pump and
injector characteristics were the first parameters to be mapped. The pins on the adapter
board responsible for carrying the pump and injector solenoid signals were identified.
These pins were then connected to a high speed analog input module that was monitored
with LabVIEW.
5.2

ECU Mapping Test Procedure
The combination of different speeds and loads leads to numerous engine

operating states. The engine controller must have programmed responses for every one of
these possible states. With respect to fueling, this is accomplished through the use of a
fuel map. For the present engine, a fuel map is a table of pump and injector control
parameters (timing and duration) defined by requested engine speed and load. The fuel
map contains a large number of operating points with defined parameters, and engine
control software is used to interpolate between these points to determine the control
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response for undefined points. More precise engine control can be achieved by increasing
the number of defined points in the fuel map.
The ECU mapping tests discussed in this chapter were used to define a fuel map
based on the operation of the engine as controlled by the OEM ECU. As mentioned
above, it is important to record fueling data at many points to increase the precision of the
fuel map. The test matrix was developed to comprehensively cover the entire operating
range of the engine and the OEM ECU. The engine was operated at an idle speed of 650
rpm and from 700 rpm to 2000 rpm at 100 rpm intervals. At each speed the engine load
was varied from 0 bar to 10 bar BMEP at 2 bar intervals. Fuel pump and injector timings
and durations were measured at each point. Additionally, the throttle position required to
achieve 0 bar BMEP at various speeds was recorded as a percentage. This value is
important for calibrating the response of the controller. For instance, if 50% throttle is
required to reach a given speed with no load, only the remaining 50% of throttle input is
available to increase from 0 percent to 100 percent load. For this example, at the given
speed, 50 percent throttle would correspond to 0 percent load, and 75 percent throttle
would correspond to 50 percent load.
5.3

Open Architecture Controller Calibration
Once all the mapping data had been collected, it had to be processed and input to

the engine control software. The control parameters are stored in CalPoint tables
discussed in Section 4.1.2.2. The first of the tables, the desired BMEP table, is part of the
Torque command subVI and is used to determine a desired BMEP based in measured
engine speed and throttle position. During the ECU mapping tests, the throttle position
was recorded for various speeds at 0 bar BMEP. These positions form one axis of the
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lookup table. The other axis is formed by corresponding engine speeds. The output of the
three-dimensional lookup table is the desired BMEP in bar.
An excerpt of the throttle table is provided below in Table 5.1 for reference. For
each speed, the zero load throttle position is defined as 0 bar. The remaining throttle
positions between the zero load percentage and 100 percent are interpolated to complete
the table. Initially all throttle positions in the table below the zero load position were set
to zero. However, in early engine testing this caused control problems as the engine speed
would climb uncontrollably when under no load and kept at a constant throttle position.
Furthermore, reducing the throttle would not reduce the engine speed. This was because
the output of the throttle table was the same for multiple operating conditions. For
example, before the negative BMEPs were added, Table 5.1 would output 0 bar desired
BMEP for 3.8 percent throttle at all speeds above 750 rpm. If the engine were set at 750
rpm and no load, the engine speed would eventually experience small variations due to
normal fluctuations. Once the speed input to the controller increases slightly, the fuel
command would shift to the fuel required to operate at the higher speed and no load. This
trend would continue until the speed was restrained by dynamometer loading. To remedy
this situation, negative BMEPs were added to the final table as shown below. With these
negative values in place, if the engine speed were to increase beyond what was being
requested, the table would specify a negative desired load, and consequently, the fueling
rate would be reduced to that of a lower speed. This would cause engine speed to drop
until it returned to the desired speed. Because the software interpolates between all of the
set points, small changes in speed would initiate slight reductions in fueling. Overall this
allowed the engine to hold constant speeds at no load.
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Table 5.1

Excerpt of desired BMEP table

Engine Speed
(rpm)

Throttle Position (%)
600
750
900
1000
1100

0

2

0
-1
-2
-2
-2

0.261
0
-1
-2
-2

3.8

8.6

0.495
1.121
0.297
1.087
0
0.977
-1
0
-2
-1
Desired BMEP (bar)

8.8

9.3

1.147
1.120
1.018
0.046
0

1.212
1.203
1.120
0.160
0.122

Four remaining CalPoint tables were populated as part of the controller
calibration: start of injection, injection duration, start of pump actuation, and duration of
pump actuation. These four tables are contained in the diesel fueling subVI and are all
very similar. As with the desired BMEP table, each of the tables is a three-dimensional
lookup table. The inputs to each of the tables are engine speed and desired BMEP. The
output of the “start” tables is the time the event should occur in the cycle represented in
degrees before TDC. The output of the “duration” tables is a time in milliseconds. An
excerpt of the start of injection and injection duration tables are shown in Tables 5.2 and
5.3. These tables illustrate further how the negative requested BMEP values are used to
control engine speed. In general for -1 BMEP, the lookup tables provide the fuel settings
for 100 rpm lower than the measured speed. Similarly for -2 BMEP, the tables provide
the fuel settings for 300 rpm lower than the measured speed. Some modifications were
made to the negative BMEP fuel settings at speeds less than 1000 rpm to improve engine
response. These settings ensure that if the engine speed is higher than desired or if the
throttle is decreased, speed will decrease until it reaches the desired point. The pump
control tables are not shown but follow the same format as the injector tables.
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During the ECU mapping tests it was not possible to reliably sample the fuel
injection parameters commanded by the OEM ECU at speeds less than 600 rpm during
engine cranking. These portions of the tables were populated using “trial and error.” It
was found that engine cranking was improved with advanced timings and increased fuel
quantities, which is reflected in the tables. For each cylinder, the unit pump had to be
actuated before the injector to provide high pressure fuel to the injector inlet. The offset
between pump and injector actuation could be measured with either crank angle or time.
Reviewing the available data at higher speeds indicated that the offset was more closely
linked to absolute time rather than crank angle. For this reason, the relative phasing of
pump and injector actuation was kept constant on a time basis for cranking commands.
The time phasing at idle was used at all cranking speeds. Also shown in the tables are the
control settings corresponding to the negative BMEP requests. To slow the engine,
negative BMEP requests correspond to smaller fuel quantities supplied at a retarded
timing.
Table 5.2

Excerpt of start of injection table

Desired BMEP (bar)

Engine Speed (rpm)
-2
-1
0
2
4
6
8
10

100

300

500

650

700

800

15
15
15
15
15
15
15
15

15
15
15
15
15
15
15
15

7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5

0.9
0.9
0.9
1.2
1.6
2.1
2.3
2.6

0.9
0.9
0.9
0.9
1.5
2.5
1.5
2.5
3.4
1.6
2.6
3.6
1.7
2.6
3.6
1.8
2.8
3.7
2
2.9
3.9
2.4
3.1
4
Start of injection (DBTDC)
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900

1000

1100

1200

1300

1.5
3.4
4.3
4.5
4.5
4.6
4.7
4.9

2.5
4.3
5
5.2
5.2
5.3
5.5
5.6

3.4
5
5.6
5.7
5.7
5.8
6
6.1

4.3
5.6
6
6.1
6.1
6.2
6.4
6.6

Table 5.3

Excerpt of injection duration table

Desired BMEP (bar)

Engine Speed (rpm)
-2
-1
0
2
4
6
8
10

100

300

500

650

9.346
9.346
9.346
9.346
9.346
9.346
9.346
9.346

6.182
6.182
6.182
6.182
6.182
6.182
6.182
6.182

3.019
3.019
3.019
3.019
3.019
3.019
3.019
3.019

0.632
0.632
0.632
1.081
1.570
1.983
2.467
3.003

700

800

900

0.646
0.646
0.646
0.580
0.580
0.600
0.645
0.644
0.631
1.050
0.960
0.907
1.530
1.395
1.313
1.928
1.811
1.687
2.406
2.209
2.076
2.911
2.631
2.462
Injection Duration (ms)
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1000

1100

1200

1300

0.645
0.600
0.595
0.864
1.263
1.613
1.934
2.295

0.644
0.595
0.585
0.828
1.208
1.509
1.831
2.165

0.631
0.585
0.588
0.800
1.160
1.438
1.742
2.020

0.595
0.588
0.570
0.788
1.121
1.391
1.672
1.916

CHAPTER VI
COMPARISON TESTS BETWEEN OEM ECU AND OPEN ARCHITECTURE
CONTROLLER

Following the ECU mapping and the development of necessary calibration maps
for the open architecture controller, engine tests were conducted to evaluate the
performance of the new controller and its software. At this stage, all control parameters in
the new controller are based solely on the data collected during the ECU mapping.
Therefore, the engine should behave very similarly when operated with either controller.
This is an important step in controller configuration, verification, and validation. Before
control parameters are modified and alternative combustion modes (e.g., dual fuel
combustion) are investigated, safe baseline control settings must be established.
6.1

Test Procedure
This testing was conducted in two parts. First, the engine was operated with the

OEM ECU at a constant load of 10 bar BMEP and at speeds from 1,000 rpm to
2,000 rpm in 100 rpm steps. At each speed, measurements of NOx, unburned
hydrocarbons, and smoke were recorded. Additionally, exhaust gas temperature was
recorded during the tests. Following the tests with the OEM ECU, the test conditions
were duplicated using the open architecture controller. The test data collected while using
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each controller were compared to verify that the performance of the open architecture
controller was reasonably close to the performance of the OEM ECU.
6.2

Test Results
After all calibration tests were complete, the engine was successfully operated

using the open architecture controller. To validate the new controller, the engine was
operated first with the OEM ECU and then with the open architecture controller. The
engine speed was controlled with the eddy current dynamometer while the load was held
at a constant 10 bar BMEP using throttle commands to each of the controllers. A plot of
the engine loads recorded during testing of each controller is shown in Figure 6.1. The
figure shows that the new controller was able to provide steady operation of the engine at
a requested load set point with less than 1 percent variability over the range of speeds.

Figure 6.1

Engine load vs. speed for operation under different controllers
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A comparison of NOx, unburned hydrocarbons, and smoke emissions between the
two controllers is shown in Figure 6.2. Overall the NOx and unburned hydrocarbon
emissions of the new controller very closely approximate those of the OEM ECU. At
higher speeds, the unburned hydrocarbon emissions obtained with the open architecture
controller very slightly exceed those of the OEM ECU. This could be an indicator that the
fuel demand of the open architecture controller is set slightly high for those speeds. This
leads to an increased equivalence ratio and unburned fuel in the exhaust. More significant
than the NOx and hydrocarbon emission differences are the differences in smoke
emissions. At low speeds, the smoke emissions of the open architecture controller are
lower than those of the factory ECU. However, at higher speeds the smoke emissions of
the new controller are higher. This further supports the observation that the open
architecture controller is supplying more fuel than the factory settings at high speeds.
Despite the small differences, the emissions data confirms that stock engine operation is
being closely approximated by the new controller. Small differences in injection pressure
profiles, fuel flow rate, or air flow rate could cause the differences seen in the results.
Although not measured in the current work, observation of these parameters in the future
will lead to better matching of OEM operation.
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Figure 6.2

NOx, HC, and smoke vs. speed for operation with the OEM ECU and open
architecture controller

Figure 6.3 shows a comparison of the exhaust temperature, measured after the
turbocharger turbine, for each engine controller. There is an appreciable difference
between temperature values at low speeds with a maximum difference of approximately
60 degrees Celsius. Lower exhaust temperatures obtained at the same engine load and
speed for the open architecture controller are indicative of leaner combustion or more
efficient engine operation (due to more advantageous combustion phasing). As the speed
increases, so does the exhaust temperature of the open architecture controller with
reference to the OEM ECU. Again, the results indicate that the fuel settings of the open
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architecture controller are relatively lean at low speeds and rich at high speeds when
compared to the open ECU.

Figure 6.3

6.3

Comparison of exhaust temperatures for operation with the OEM ECU and
open architecture controller.

Conclusions
A custom, open architecture engine controller was developed for a heavy duty

turbocharged diesel engine. The first step of implementing this controller in advanced
combustion research was to establish that the controller can safely operate the engine. To
this end, the controller was calibrated to replicate the operation of the engine controlled
by the OEM ECU. To verify that an acceptable baseline had been established, two sets of
tests were conducted. The first set of tests utilized the OEM ECU to operate the engine at
various speeds while emissions data were collected. Subsequently, the engine was
operated at the same set points with the newly configured controller.
The open architecture controller was successfully able to operate the engine with
no observed instability or abnormalities. The emissions data from the comparison tests
103

show that the control parameters defined in the CalVIEW software provide a close
approximation of OEM engine operation. Inspection of the data indicates that the fuel
maps may be slightly lean at low speeds and rich at high speeds. However, the
differences appear to be small and cause no problematic engine behavior. Slight
modifications to the injection timing and duration can easily be made in the Host VI to
more closely replicate OEM emissions characteristics. However, with regard to the stated
objectives of the present work, the results of the comparison tests were considered a
success.
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CHAPTER VII
SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

7.1

Summary
An open-architecture engine controller and the related software were developed to

successfully operate a production model six-cylinder heavy-duty diesel engine. The
controller was developed to support dual fuel combustion experiments at the Advanced
Combustion Engines (ACE) laboratory at Mississippi State University. Dual fuel
combustion research on specially designed single-cylinder research engines is
widespread. However, such research on modern production engines presents a unique set
of challenges. The production engines of today are equipped with many electronic
sensors and actuators, all controlled by a central engine control unit (ECU). Production
ECUs are inflexible and do not allow for the modifications to engine parameters required
to fully explore alternative combustion modes such as dual fuel combustion. The primary
design requirement of the open-architecture controller was that it should be able to
communicate with all of the sensors and actuators on the engine while providing full
flexibility to modify engine operating parameters.
The controller was constructed primarily with a National Instruments PXI
platform and specific compact reconfigurable input-output (cRIO) hardware relevant to
diesel engines sold by Drivven. The PXI controller was fitted with an FPGA input/output
module to control several cRIO modules. These modules were housed in two 19-inch
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rack mounted drawers. Each of the cRIO modules managed a specific aspect of engine
control such as analog signal monitoring or fuel injection control. The modules were
connected to the connectors located on the fronts of the drawers with custom wiring.
The control system was developed to allow engine control with either the OEM
ECU or the open-architecture controller. To do this, a custom ECU adapter board was
built in coordination with Drivven. This board provided a junction between the wiring
harness connected to the engine sensors and actuators and the wiring harnesses connected
to the two controllers. Each of the controller wiring harnesses was constructed as a part of
this work.
The engine control software was developed using LabVIEW and CalVIEW. The
software was structured as a hierarchy of three LabVIEW virtual instruments (VIs).
These VIs communicated with each other and bridged the gap between the engine
operator and the engine. The highest level (host VI) provided a user-friendly interface;
the middle level (real-time or RT VI) contained the control algorithms; and the lowest
level (FPGA VI) communicated directly with the control hardware.
The OEM ECU settings were used as baseline to configure the open-architecture
controller. Because production ECUs are highly encrypted, determination of the control
parameters was done empirically. The engine was operated over a range of conditions,
and the response of the OEM ECU was recorded in a process known as “ECU mapping.”
This information was processed into lookup tables, specifying fuel injector and fuel pump
timings and durations. These tables were stored in the VIs, allowing the control software
to specify the desired response. Small adjustments to the tables were made through trialand-error to improve engine operation.
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Once the controller and software were fully configured, the engine was tested to
confirm that engine behavior with the OEM ECU was well approximated. The engine
was operated a constant load (10 bar BMEP) over a range of speeds using the OEM ECU.
Engine speed, torque, and emissions were recorded during operation. These tests were
then duplicated while operating the engine with the open-architecture controller. A
comparison between the recorded engine data showed that engine operation with the
newly developed open architecture controller closely resembled engine operation with the
OEM ECU. Setting up the controller to operate near the factory settings provides a safe
baseline to begin modifying parameters for future dual fuel experiments.
7.2
7.2.1

Recommendations for Future Work
Further Configuration
There are several areas where the baseline configuration of the open-architecture

controller can be improved. At the time of the work presented in this thesis, research into
the engine’s CAN communication was ongoing. The OEM ECU requires messages from
different sources, including the vehicle, to operate correctly. Because the test engine was
not installed in a vehicle these messages had to be simulated by the open-architecture
controller. The controller and wiring harness hardware was configured to satisfy this
requirement, but correct signal interpretation and simulation was not completed. This
caused the OEM ECU to operate in a “safe mode,” which inhibited engine operation over
the full speed-load range.
While operating in safe mode, the engine was limited to approximately half of
maximum load. This was primarily attributable to limited turbocharger boost pressure.
Boost pressure in this engine was controlled by the ECU through CAN messages to the
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variable geometry turbocharger. While operating in safe mode, no signals were observed
between the ECU and the turbocharger actuator. Another limitation identified in the safe
mode was the lack of EGR actuation. For all speeds and loads, the EGR valve remained
closed, allowing no recirculation of exhaust gas into the engine intake manifold.
Before moving on to advanced research applications, it is recommended that
further efforts focus on achieving the full range of engine operation using the OEM ECU.
The results of the present work serve to validate both the open-architecture controller and
the ECU mapping methods employed. Once the engine is fully operable using the OEM
ECU, a similar mapping and calibration plan should be conducted. Once the controller is
configured, validation testing should be performed again.
7.2.2

Future Research
The flexibility offered by the open-architecture opens the door for dual fuel

combustion experiments on the production model diesel engine. One application that the
new controller is ideally suited for is investigating the benefits of highly advanced diesel
injection timings in dual fuel operation. Studies have shown that advanced injection in
the range of 45 to 60 degrees before top dead center produce dramatic reductions in NOx
emissions (Krishnan et al., 2004; Srinivasan et al., 2006; Srinivasan et al., 2007). The
interface of the open-architecture controller allows the operator to easily modify fuel
maps to advance injection timing. Furthermore, the controller can be further developed to
integrate control of gaseous fuel injection to achieve full control of the dual fuel engine.
This may most easily be accomplished by initially injecting the gaseous fuel into the
intake manifold. However, even greater control over combustion may be attained by
modifying the engine to support low-cetane gaseous fuel injection directly into each
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combustion chamber. Regardless of the approach, the modular nature of the open
architecture controller hardware allows the addition of new modules to drive the injector
solenoids. In addition, the open nature of the engine control software allows for this
additional functionality to be easily integrated.
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APPENDIX A
REAL-TIME J1939 CAN VI
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Figure A.1

CAN VI Front Panel
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Figure A.2

CAN VI Block Diagram (Part 1)
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Figure A.3

CAN VI Block Diagram (Part 2)
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